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REMARKS 

I. Claim Status 

Claims 1-43 are pending. Claims 4, 6, 10, 11, and 18-43 have been withdrawn. 
Claims 1-3, 5, 7-9, and 12-17 have been rejected. 
Applicant cancels claims 2 and 10-12. 

Applicant amends claim 1 to recite a conjugate molecule consisting of an oligo- 
or polysaccharide selected from the group consisting of {AB(E)CD}n, wherein A is an 
alphal_Rhap-(1,2) residue, B is an alphaLRhap-(1,3) residue, C is an alphal_Rhap-(1,3) 
residue, E is an alphaDGIcp-(1,4) residue, D is a betaDGIcNAcp-(1,2) residue, E is 
branched to C, and wherein n is an integer selected from 2, 3, covalently bound to a 
carrier. This amendment is supported for example in original claim 12, and in Figure 4 
of the specification, which shows the synthesis of the AB(E)CD pentasaccharide 102. 

Claim 14 is amended by deleting the wording "such as a decasaccharide or a 
pentadecasaccharide". Applicant presents claim 44, which recites "[t]he composition of 
claim 14, wherein said oligo- or polysaccharide is a decasaccharide or a 
pentadecasaccharide". Claim 44 does not introduce new subject matter and is 
supported by original claim 14. 

Applicant presents the current claim amendments in order to expedite the 
allowance of the application. However, Applicant wishes to reserve the right to pursue 
deleted subject matter in one or more continuation applications. 

Applicant respectfully requests consideration of claims 1, 3, 5, 7-9, 13-17 and 44. 
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II. Rejections Under 35 U.S.C. § 112 

Claims 15-16 were rejected under 35 U.S.C. § 112, first paragraph, because the 
specification does not reasonably provide enablement for compositions which afford 
"protection", and given the lack of guidance, and the unpredictable nature of the 
invention, one of skill in the art would be forced into excessive experimentation in order 
to practice the instantly claimed invention. Office Action at 2-3. 

Applicant respectfully traverses. However, Applicant amends claim 15 by 
deleting the following pathogens: S. flexneri serotype 1b, 3a and 6, and S. species such 
as S. dysenteriae and S. sonnei. Thus, claim 15 recites "[t]he composition of claim 14, 
comprising an immunogen which affords protection against pathogens responsible for 
diarrhoeal disease in humans". Support for this claim is found in the specification: 
" fplrotection as assessed by reduction of the bacterial load, was observed with the 
penta, deca and pentadecasaccharides conjugates...". See specification at p. 143, 1. 
18-21, and Figure 34; emphasis added. 

Claims 14-15 were rejected because the phrase "such as" renders the claim 
indefinite. Office Action at 3. Claims 14-15 have been amended to delete the phrase 
"such as". 

Claim 3 was rejected under 35 U.S.C. § 112, second paragraph, as being 
indefinite for failing to particularly point out and distinctly claim the subject matter which 
applicant regards as the invention. Further, the Office contends the claim is vague in 
the use of the phrase "derivative". Office Action at 3-4. 
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Claim 3 is amended to recite that the derivative "is recognized by T-cells and is 
able to induce an antibody response". This amendment is supported in the specification 
at p. 8, 1. 10-11. 

Applicant submits that all rejections under 35 U.S.C. § 1 12 are obviated by the 
currently amended claims and respectfully requests the rejections are withdrawn. 

III. Rejections Under 35 U.S.C. § 102(b) and 103(a) 

Claims 1-3, 5, 7-9, and 12-17 were rejected under 35 U.S.C. § 102(b) as 
allegedly being anticipated by or, in the alternative, under 35 U.S.C. § 103(a) as 
allegedly obvious over Polotsky et al. (Infection and Immunity 62: 210-214, 1994). 
Office Action at 5. 

Applicant respectfully traverses. According to the MPEP, a claim is anticipated 
"only if each and every element as set forth in the claims is found, expressly or 
inherently described, in a single prior art reference". See MPEP § 2131 (quoting 
Verdegaal Bros. v. Union Oil Co. of California, 814 F.2d 628, 631 (Fed. Cir. 1987). 
Applicant submits that Polotsky et al. does not describe each element of the amended 
claims. 

It is known that the immune response against Shigella infection is serotype 
specific and the O-specific polysaccharide (O-SP or O-antigen) is the major protective 
antigen that defines Shigella's species and serotypes. The O-antigen consists of 
heteropolysaccharide chains of lipopolysaccharide (LPS), which are made up of 
repeated saccharide units (RU). For example, the tetrasaccharide component of 
Shigella flexneri (S. flexneri) is ABCD, the S. flexneri type 2a specific unit is AB(E)CD, in 
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which E is branched to C, and the S. flexneri \ype 5a specific unit is A(E)BCD, in which 
E is branched to B. 

Conventional polysaccharides are obtained by cutting the natural O-antigen by 
acidic hydrolysis, which cleaves the glycosidic link to lipid A. The fragments comprise 
between 15,000 and 20,000 RU. Antigens obtained from the natural O-antigen of LPS 
have a molecular weight of between 12,000 and 16,000 daltons (D). Hydolysis of a 
natural LPS can only give a mixture of very low to very high molecular weight structures. 
Methods are not available to control the molecular weight distribution of such molecules 
apart from chemical synthesis, as described in the present application. 

Applicant's claims are directed to a conjugate consisting of a deca- or 
pentadecasaccharide of formula: {AB(E)CD}n, wherein n is 2 or 3, and wherein the 
deca- or pentadecasaccharide is covalently bound to a carrier. These synthetic 
conjugates are homogenous with regard to their structure and molecular weight. Thus, 
considering that the molecular weight of each saccharide unit (A to D) is approximately 
200 D, the molecular weight of Applicant's deca- or pentadecasaccharide is 
approximately 2000 D (200 x 5 x 2), or 3000 D (200 x 5 x3), respectively. 

Polotsky et al. discloses conjugates of the S. flexneriiype 2a LPS, wherein LPS 
has been detoxified with acetic acid (O-SP) or with hydrazine (DeAPLS). Polotsky et al. 
shows that O-SP has a molecular weight of 17,000 D, i.e. a peak corresponding to an 
M r of approximately 17,000 D by high-pressure liquid chromatography (HPLC), and 
DeALPS has a peak with an M r of 30,000 D and a minor peak with an M r of 10,000 D. 
See Polotsky et al. at p. 212, left column. These conjugates are heterogenous because 
they have been obtained by hydrolysis. Id. Notably, the O-SP and DeALPS are 
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mixtures which contain the tetrasaccharide component of S. flexneri type 2a LPS. Id. at 
p. 210, left column. 

Polotsky et al. does not describe the presence of conjugates consisting of a 
deca- or pentadecasaccharide, as recited in Applicant's amended claims. Nor does 
Polotsky et al. describe conjugates with molecular weights similar to conjugates 
consisting of a deca- or pentadecasaccharide. Thus, Polotsky et al. does not describe 
each element of Applicant's amended claims. Therefore, Applicant respectfully 
requests the rejection under 35 U.S.C. § 102(b) is withdrawn. 

Applicant also submits that the claims are not obvious over Polotsky et al. 
because the results obtained with Applicant's claimed conjugates could not have been 
predicted by one of skill in the art in view of Polotsky's results. This is supported by the 
fact that the development of a vaccine for S. flexneri has been a high priority and 
remains a problem to be solved by those in the field (specification at p. 1, I. 35-38 
through p. 2, I. 1-9), and Polotsky's approach to a vaccine, which was reported in 1994, 
had a number of problems which are solved by Applicant's synthetic conjugates. 

Polotsky et al. demonstrated the feasibility of using a natural O-antigen 
preparation conjugated to a protein/peptide carrier to elicit serum antibodies against S. 
flexneri. However, there are multiple problems with Polotsky's approach to a vaccine, 
including that the composition cannot be standardized and the immunogenecity is not 
reproducible due to the heterogeneity of the natural O-antigen preparations. In contrast, 
Applicant focused on the development of a "well-defined neoglycoconjugate as an 
alternative to polysaccharide protein conjugate vaccines targeting infections caused by 
S. flexneri serotype 2a". Id. at p. 4, paragraph 2. As a result, Applicant solved the 
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problem of providing a synthetic glycoconjugate for the preparation of a vaccine against 
S. Flexneri infections. 

It was not expected that Applicant's claimed conjugates would work to solve the 
problem of a S. flexneri vaccine in view of Polotsky et al. In fact, Applicant showed that 
mice immunized with detoxified LPS 2a conjugates were not protected against a 
challenge of S. flexneri infection. Id. at Figure 34. With regard to the immunogenecity 
of the vaccine, Applicant's data showed that the claimed conjugates were able to induce 
high anti-LPS 2a antibody titers in all immunized mice and that these antibodies bind 
with high affinity to the claimed glyconjugate. Id. at Table H to K, and Figure 34. In 
contrast, mice immunized with conjugates consisting of a tetrasaccharide or 
hexasaccharide did not produce anti-LPS 2a antibodies, despite having an anti- 
oligosaccharide response. Id. at Table J. Mice that were immunized with detoxified 
LPS conjugates produced only low levels of anti-LPS 2a antibodies. Id. at Table H. 
The results of the protection studies correlate with those of the anti-LPS 2a antibody 
response, wherein most of the mice immunized with pentadecasaccharide and 
decasaccharide conjugates were protected against S. flexneri challenge, whereas mice 
immunized with tetrasaccharide, hexasaccharide, or the detoxified LPS 2a conjugates 
were not protected against infection. Id. at Figure 34. Applicant's data demonstrate 
that the antibody response was improved, and ultimately protection from infection was 
achieved with the length of the synthetic oligosaccharide, which was unexpected in view 
of Polotsky et al's results with detoxified LPS conjugates. 

Applicant's results demonstrating the superior immunogenic and protective effect 
of the claimed conjugates have been further confirmed in peer-reviewed articles, which 
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have been published since the filing date of the present application. These references 
include Phalipon et al. (Journal of Immunology 176: 1686-1694, 2006), Phalipon et al. 
(Microbes and Infection 10: 1057-1062, 2008), and Phalipon et al. (Journal of 
Immunology 182: 2241-2247, 2009). Applicant has provided the above references for 
the Examiner's consideration. 

Applicant respectfully requests the rejection under 35 U.S.C § 103 (a) is 
withdrawn in view of the unexpected results obtained with the claimed conjugates, 
which would not have been obvious to one of skill in the art in view of Polotsky et al. 

IV. Conclusion 

In view of the foregoing amendments and remarks, Applicant respectfully 
requests reconsideration and reexamination of this application and the timely allowance 
of the pending claims. 

Please grant any extensions of time required to enter this response and charge 
any additional required fees to our deposit account 06-0916. 



Respectfully submitted, 



FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 



Dated: May 16, 2011 




Kenneth J. Meters ^ 

Reg. No. 25,146 

Direct: (202)408-4033 

Fax: (202)408-4400 

E-mail: Ken.Meyers@finnegan.com 
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Characterization of Functional Oligosaccharide Mimics of the 
Shigella flexneri Serotype 2a O-Antigen: Implications for the 
Development of a Chemically Defined Glycoconjugate Vaccine 1 



Armelle Phalipon, 2 * Corina Costachel,* t Cyrille Grandjean,* Audrey Thuizat,* 
Catherine Guerreiro, f Myriam Tanguy,* Farida Nato,* Brigitte Vulliez-Le Normand,' 
Frederic Btilot/ Karen Wright/ Ve>onique Marcel-Peyre * f PhUippe J. Sansonetti,* and 
Laurence A. Mulard t 

Protection against reinfection with noncapsulated Gram-negative bacteria, such as Shigella, an enteroinvaslve bacterium respon- 
sible for bacillary dysentery, is mainly achieved by Abs specific for the O-Ag, the polysaccharide part of the LPS, the major 
bacterial surface Ag. The use of chemically defined glycoconjugates encompassing oligosaccharides mimicking the protective 
determinants carried by the O-Ag, thus expected to Induce an efficient anti-LPS Ab response, has been considered an alternative 
to detoxified LPS-protein conjugate vaccines. The aim of this study was to Identify such functional oligosaccharide mimics of the 
S~ flexneri serotype 2a O-Ag. Using protective marine tnAbs specific for S. flexneri serotype 2a and synthetic oligosaccharides 
designed to analyze the contribution of each sugar residue of the branched pentasaccharide repeating unit of the O-Ag, we 
demonstrated that the O-Ag exhibited an immunodominant serotype-spedfic determinant We also showed that elongating the 
oligosaccharide sequence improved Ab recognition. From these antigenicity data, selected synthetic oligosaccharides were assessed 
for their potential to mimic the O-Ag by analyzing their immunogenidty in mice when coupled to tetanus toxoid via single point 
attachment Our results demonstrated that induction of an. efficient serotype 2a-specific anti-O-Ag Ab response was dependent on 
the length of the oligosaccharide sequence. A pehtadecasaccharide representing three biological repeating units was identified as 
a potential candidate for further development of a chemically defined glycoconjugate vaccine against S. flexneri 2a infection. The 
journal of Immunology, 2006, 176: 1686-1694. 



*f"*f higella infection represents about one-third of the total 
deaths due to diarrheal diseases (1). Shigella flexneri is 
i<J responsible for the endemic form of shigellosis, a dysen- 
teric syndrome characterized by a spectrum of symptoms varying 
from watery diarrhea to severe dysentery. These symptoms largely 
reflect bacterial invasion into the colonic and rectal mucosa that 
results in an acute inflammation responsible for massive tissue 
destruction (2). 

Upon natural infection or following vaccine trials, as well as 
during experimental infection, the Ab-mediated protection has 
been shown to be serotype specific, pointing to the LPS as the 
major protective Ag (2). Shigella serotypes are defined by the 
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structure of the oligosaccharide repeating unit (RU) 3 that forms 
the O-Ag, the polysaccharide part of LPS (3). For the predominant 
S. flexneri serotype 2a, the biological RU is the branched pentasac- 
charide shown in Fig. 1. It bears a linear tetrasaccharide backbone 
made of three L-rhamnose residues, A. B, and C, and a Af-acetyl- 
D-glucosamine residue D, that is common to all £ flexneri except 
serotype 6 and represents the RU of S. flexneri serotype Y. The RU 
of serotype 2a is characterized by the presence of the oc-D-glucose 
residue E, branched at position 4 of rhamnose C on the linear 
tetrasaccharide backbone: 

So far, widespread use of a safe and effective vaccine appears to 
be tbe only strategy to control Shigella infection.. In addition to 
orally administered live, attenuated vaccine Strains (2), glycocon- 
jugate vaccines using detoxified LPS as the main protective Ag 
coupled to a protein carrier have recently been developed, essen- 
tially as an extension of the successful human vaccination with 
bacterial capsular polysaccharide-protein conjugate vaccines. En- 
couraging results were obtained with a detoxified Shigella sonnei 
LPS-based conjugate vaccine administered parenterally, showing 
protection in —75% of the vaccines during a S. sonnei outbreak 
(4). However, glycoconjugate vaccines based on the use of detox- 
ified LPS present some drawbacks such as the need for accurate 
control of the detoxification step and also the potential loss of 
immunogenicity upon coupling to the protein carrier. In addition, 
to fulfill the requirements of regulatory agencies for always better- 
defined molecules to be used in humans, an alternative strategy has 
been proposed. It is based on the conjugation onto appropriate 
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FIGURE 1. Structure of the repealing unit 
of the O-Ag of S. flexneri serotype 2a. 
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carriers of synthetic oligosaccharides rniroicking determinants 
which are targets for protective Abs, with the hope that they induce 
an anti-LPS Ab response. Recent data have confirmed the assump- 
tion that short fragments of polysaccharides may mimic the native 
Ag. Indeed, semisynthetic glycoconjugates incorporating frag- 
ments of bacterial polysaccharide Ags were shown to be highly 
immunogenic in mice (5-7). The "proof of concept" was recently 
provided in humans with the efficacy of such a semisynthetic gly- 
coconjugate in protecting against Haemophilus Influenzae b 
infection (8). 

The aim of this study was to identify functional mimics of the S. 
flexneri serotype 2a O-Ag. We chose to identify the protective 
serotype 2a-specific determinants by performing an extensive 
study using synthetic oligosaccharides to define the contribution of 
each sugar residue in the recognition by protective serotype 2a- 
specific mouse mAb of the G isotype (mlgG). Fust of all, five 
mlgG specific for S. flexneri serotype 2a and representative of each 
IgG subclass were selected, and their protective efficacy was as- 
sessed in a murine model of infection (9, 10). Then, available 
mono-, di-, tri-, tetra-, and pentasaccharides representative of the 
RU, as well as longer sequences, were tested for their recognition 
by these five mlgG using inhibition BLISA to define an IC, 0 . A set 
of oligosaccharides was next selected based on these antigenicity 
data. Their potential as accurate mimics of serotype 2a O-Ag, i.e., 
their ability to induce anti-O-Ag Abs, was assessed in mice upon 
immunization with the corresponding tetanus toxoid (TT) glyco- 
conjugates. We, finally, succeeded in identifying a potential can- 
didate for further development of a chemically defined glycocon- 
jugate vaccine to S. flexneri 2a. 

Materials and Methods 

Bacterial strains 

M90T, an invasive isolate of S. flexneri serotype 5a, and 454, an invasive 
isolate of S. flexneri serotype 2a, were the virulent strains of reference. For 
intranasal (i.n.) infection, bacteria were routinely grown on Luria-Bertani 
agar plates at 37°C. They were recovered from plates and bacterial dilu- 
tions were performed in 0.9% NaCl with the consideration chat, for an OD 
of 1 at 600 run, the bacterial concentration was 5 X 10' CFU/tni. Killed 
la for i.p. ii 



highest antl-LPS Ab response were given an i.v. booster injection 3 days 
before being sacrificed for splenic B cell fusion according to Kohler and 
Milsurin (11). Hybridoma culture supematants were screened for Ab pro- 
duction by ELISA using LPS purified from S. flexneri serotype X, Y, 5a, 
5b. 2a, 2b, la, and 3a, respectively, aa previously described (12, 13). 
Briefly, LPS purified according to Westphal and Jann (14) was used at a 
concentration of 5 (xg/ml in PBS. As secondary Abs, anti-mouse IgG-. 
IgM-, or IgA -alkaline phosphatase-labeled conjugate (Sigma-Aldrich) 
were used at a dilution of 1/5,000. 

Only the hybridoma cells secreting mlgG reacting specifically with LPS 
homologous to the strain used for immunization, Le., recognizing sero type- 
specific determinants on the LPS O-Ag were selected. Those selected, rep- 
resentative of the four murine IgG subclasses, were then cloned by limiting 
dilution, and injected Lp. into histocompatible mice for ascites production. 
mlgG were precipitated with 50* ammonium sulfate from ascites fluid, 
centrlfuged, and dialyzed against PBS before being purified using ion- 



Production and characterization ofmAbs specific for S. flexneri 
serotype 2a LPS 



mlgG sequence analysis 

Total RNA was extracted from hybridoma cells by RNAxel kit (Eurobio). 
roRNA was converted, into cDN A with a reverse transcriptase kit (Invitro- 
gen Life Technologies) and. used as template for PCR amplification using 
TaqDNA polymerase (Invitrogen Life Technologies) according to the man- 
ufacturer's protocol. The amplification was performed with the primer of 
corresponding isotype (IgQl, 5'-GCA AGG CTT ACT AGT TGA AGA 
TTT GGO CTC AAC TTT CTTGTC GAC-3'; IgG2a, 5'-GTT CTG ACT 
AGT GOO CAC TCP GOG CTC-3'; and IgG3, 5'-GGG GOT ACT AGT 
CTT GOO TAT TCT AGG CTC-3'. The following eight H chain variable 
region (V H ) primers were also used: 5'-AG GTO CAG CTC. GAG GAG 
TCA GGA CC-3'; 5'-GAO GTC CAG CTC GAG CAG TCT GGA CC-3'; 
5'-CAG GTC CAA CTC GAG CAG CCT GGO GC-3'; 5'-GAG OTT 
CAG CTC GAG CAG TCT GGO GC-3*; 5 '-GAG GTO AAG CTC GAG 
GAA TCT GGA GO 3'; 5'-GAG GTA AAG CTC GAG GAG TCT GGA 
GG-3'; 5'-GAA TGT CAG CTC GAG GAG TCT GGO GG-3'; and 5'- 
OAG GTT CAG CTC GAG CAG TCT GGA GC-3'. For the light chains, 
the primer sequences were: for the K-chain, 5'-GCG CCG TCT AGA ATT 
AAC ACT CAT TCC TGT TGA A-3*; for the variable region (VJ, 5'- 
CCA GTT CCG AGC TCO TTG TGA CTC AGG AAT CT-3'; 5'-CCA 
GTT CCG AGC TCO TOT TGA CGC AGC CGC CC-3'; 5'- TGG ATO 
GTG GGA AGA TG-3'; 5'-GAG AGC AGA AAT AAA CTC CC-3'; 
5'-CCA GAT GTO AGC TCO TGA TGA CCC AGA CTC CA- 3'; 5'- 
GAC CCC AGA AAA TCG GTT-3'; 5'-CCA GTT CCG AGCTCG TGA 
TGA CAC AGT CTC CA-3'; 5'-TTC CCA GGC TGT TGT GA-3'; 5'- 
GAG CTC GTG ATG ACA CAG TCT CCA-3'; and 5'-AAT TCT AAC 
TAG CTA GTC GCC-3'. Nucleic acid sequence determination was con- 
ducted by Genome Express using PCR products. Sequence analysis was 
performed with software packages from the Genetics Computer Group 
(Madison, WI), the GenBank (Los Alamos, MM), and European Molecular 
Biological Laboratory (Heidelberg, Germany) databases. For the determi- 
nation of the gene families, analysis of the nucleotide sequences was per- 
formed with the international ImMunoGeneTics database (httprffirngt. 
cines.fr} (15). The determined sequences have been submitted to the 
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Protection experiments 
Purified mlgG (20 or 2 pg)w« 



n. uning a volume of 20 pi 
le with 50 pi of a mixture 
tazlne (Vetoquinol). Ihtra- 



20 m1 (10). Meaiurement of lung bacterial load was performed at 24 h after 
infection aa foUowi. Mice were sacrificed by cervical dislocation andjungs 

plated < 



re sacrificed by cervical dislocation « 
were removed en bloc and ground in 10 ml of sterile PBS (Ultra Turrax 
" " laratus. Janke and Kunkel IKA Labonechnik). Dilutiona were then 
in trypticase soy broth plates for CPU enumeration. The lung bac- 
terial load in mice receiving the mlgG was compared with that of control 
mice receiving PBS. Each experiment was performed using 10 mice per 
group and repeated three times. All of the animal experiments were ap- 
proved by the Institut Pasteur Animal Use Committee. 

Histopathotogical studies 

Mice were anesthetized, their trachea catheterized, and 4* Formalin ta- 



in 4% Formalin before being processed for histopathologic*! studies. Ten- 
micrometer paraffin sections were stained with H&E or labeled with spe- 
cific Abs and observed with a BX50 Olympus microscope (Olympus Op- 
tical. Europa). 

Synthetic oligosaccharides representative of S. flexneri 2a OAg 
Oligosaccharides representative of fragments of the O-Ag of S. flexneri 2a 
were synthesized as their methyl glycoside to reproduce the ring and ano- 
meric forms that the reducing residue adopts in the natural polysaccharide 
(see Table I). The aerotype-specific oligosaccharides, thus bearing residue 
£, were obtained through multistep chemical synthesis as previously re- 
ported (16-19). The 0EC disaccharide (16). which has a non-narural EC 
glycosidic linkage, was synthesized to probe the influence of such linkage 
on Ab recognition. Since, based oa available building blocks, they were 
jdered to be the easiest chemically accessible longer fragments, the 
B(E)CDA'BWC (20) and decassccbaride D"AB(E)CDA' 
B WC (21) were synthesized to study the length-dependent oligosac- 
charide-Ab recognition- " indicates the residue linked at the nonreducing 
end (left end), whereas ' indicates the residue linked at the reducing end 
(right end) of the AB(E)CD biological RU. Di- and trisaccharides devoidod 
of the E residue were either previously described or synthesized according 
to known procedures (22-26). 

Inhibition EUSA 

Characterization of the saccharide determinant recognized by the available 
mtgC was performed by measuring the mlgO-ougosaccbaride interaction 
as follows. First, a standard curve was established for each mlgG tested. 
Different concentration! of the mAb were Incubated overnight at 4'C on 
microliter plates coated with purified S. flexneri 2a LPS at a concentration 
of 5 pg/ml in carbonate buffer at pH 9.6 and subsequently incubated with 
PBS/BSA 1% for 30 min at 4°C. After washing with PBS-Tween 20 
(0.05*), alkaline phosphatase-conjugated anti-mouse IgO was added at a 
dilution of 1/5,000 (Sigma- Aldrich) for 1 h at 37'C. After washing with 
PBS-Tween 20 (0.05%), the substrate was added (12 mg of fMiitrophe- 
nylphosphate in 1.2 ml of 1 M Tris-HCI buffer (pH 8.8) and 10.8 ml of 5 
M NaO). Once the color developed, the plate was read at 405 nm (Dyna- 
tech MR 4000 microplate reader). A standard curve OD = flPA concen- 
tration) was fitted to the quadratic equation Y - aX 1 + bX +c, where Y is 
the OD and X is the Ab concentration. Correlation factor (r*) of 0.99 was 
routinely obtained. 

Then the amount of oligosaccharides giving 50% inhibition of mlgG 
binding to LPS (IC J0 ) was determined as follows. Each mlgG at a given 
concentration (chosen as the minimal concentration of Ab which gives the 
maximal OD on the standard curve) was incubated overnight at 4'C with 
various concentrations of each of the oligosaccharides to be tested in I % 
PBS-BSA. Measurement of unbound mlgG was performed as described 
above using microliter plates coated with purified LPS from S. flexneri 2a 
and the Ab concentration was deduced from the standard curve. 

The recognition capacity of anti-LPS mlgG for LPS was determined ax 
described above using various concentrations of LPS that were incubated 
in solution overnight at 4'C with the predefined concentration of each 
mlgG. IC W was defined as the concentration of oligosaccharides required 
to inhibit 50% of mlgG binding to LPS. 



. . a gift from Sanofi-Pas- 

teur (Marcy 1' EtoUe, France). It was stored at 4°C as a 39.4 mg • ml" 1 stock 
solution in 0.05 N NaCl buffer. Ih a typical experiment, stock solution of 
TT (12 mg, 304 pi, 0.08 pmol) was diluted in 0.1 M PBS, pH 7.3 (296 pi). 
To this solution was added (y-maleimidobutiryloxy) sulfosuccinimide ester 
(Pierce) (3 X 1 .53 mg, 3 X 50 equivalent, dissolved in 60 pi of CH 3 CNA). 1 
M PBS, pH7J, 1:1) in three portions every 40 min. The pH of the reaction 
mixture was controlled (indicator paper) and maintained at 7-7.5 by ad- 
dition of 0.5 M aqueous NaOH. Following an additional reaction period of 
40 min, the crude reaction mixture was dialyzed against 3 X 2 L of 0.1 M 
potassium phosphate buffer (pH 6.0) at 4°C using Slide-A-Lyzer dialysis 
cassettes (Pierce) displaying a membrane cutoff of 10 kDa. General pro- 
cedure for the conjugation step: following dialysis, maieimide-aciivated TT 
in 0.1 M potassium phosphate buffer solution was reacted with each of the 
known synthetic S-acetylthioacetylated tri-, tetri- penta- (27), deca-, and 
pentadecasaccharides (28) related to S. flexneri 2a O-SP in a 1: 12 molar 
ratio, respectively. Reaction mixtures were buffered at a 0 J M concentra- 
tion by addition of 1 M potassium phosphate buffer (pH 6.0). Then 
NHjOH/HO (7.5 pi of a 2 M solution in 1 M potassium phosphate buffer, 
pH 6) was added to the different mixtures and the couplings were con- 
ducted for 2 h at room temperature. The conjugated products were purified 
and stored as described previously (29). Hexose concentrations were mea- 



Biotinylated oligosaccharides 

Conjugation of the known synthetic J-acetylthloacetylated tri-, terra- penta- 
(27), deca-, and pentadecasaccharides (28) related to S. flexneri 2a O-SP to 
EZ-link PEO-maleimide-activattd biotin (Pierce) was run in phosphate 
buffer at pH 6.0 in the presence of hydroxylamine (32) and monitored by 
reversed-phase HPLC Reversed-pbase HPLC purification gave the target 



Immunogenicity studies in mice 

Seven-week-old BALB/c mice were immunized three times at 3-wk inter- 
vals, followed by a fourth injection 1 mo after the third one. with the 
equivalent of 10 pg of oligosaccharide per mouse and per injection, in the 
absence of adjuvant, with the following glycoconjugates: B(E)C-TT, 
B(E)CD-TT, AB(E)CD-TT, [AB(E)CD),-TT, or (AB(E)CDjj-TT. Con- 
trol mice received TT alone using a dose equivalent to the maximum ad- 
ministered to mice receiving the glycoconjugates, i.e, 140 pg/mouse and 
per injection. For the glycoconjugates incorporating the tri- or the tetrasac- 
charide and for the control mice, two independent experiments were per- 
formed using seven mice per group. For the three remaining glycoconju- 
gates, three independent experiments were performed, two including 7 
mice per group and one including 14 mice per group. 

The Ab responses induced upon Immunization were assessed 1 wk after 
the third and the fourth injections by EUSA. Purified LPS serotype 2a (14), 



glycoconjugates (this study), and TT were used as coated Ags to define the 
anti-LPS 2a, ami -oligosaccharide, and anti-TT Ab titer, respectively. Bio- 
linylatcd oligosaccharides (0.5 pg/well) were coated on piates previously 
incubated for 1 h at 37'C with avidin (I pg/well; Sigma-Aldrich). The 
amount of TT used for coating was 0.1 pg/well. Anti-mouse IgG alkaline 
phosphatase-labeled conjugate (Sigma-Aldrich) was us 
at a dilution of 1/5,000. 
talysis 



Protective capacity of mlgG of different subclasses, specific for 
S. flexneri serotype 2a O-Ag 

Different subclasses of IgG specific for LPS O-Ag are induced 
foUowing natural infection with Shigella (33). To test whether all 
of the subclasses exhibit similar protective capacity, murine mlgG 
specific for serotype 2a determinants on the O-Ag and represen- 
tative of each of the four murine IgG subclasses were obtained. 
Upon screening of hybridomas for their reactivity with LPS purified 
from S. flexneri serotype X, Y, 5a, 5b, 2a, 2b, 1 a, 3a, respectively, five 
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mlgG exclusively recognizing the S. ftexnert 2a LPS were selected: 
F22-4 (IgGl), D15-7 (IgGl), A2-1 (IgG2a), B4-1 (IgG2b), and Cl-7 
(IgG3). Each LPS-mlgG interaction was characterized by measuring 
the ICjq that was shown to range from 2 to 20 ng/ml. 

The protective capacity of the selected mlgG was analyzed us- 
ing the murine model of pulmonary infection as previously de- 
scribed (10). In the absence of an intestinal model of experimental 
shigellosis in adult mice, this model has been shown to mimic the 
acute intestinal inflammation observed in humans. Indeed, mice 
infected i.n. with live virulent Shigella develop an acute broncho- 
pneumonia characterized by a massive intra- and peribronchial 
polymorphonuclear (PMN) infiltrate, in addition to alveolitis (9, 
10). Moreover, we recently demonstrated that this model is also 
relevant for mimicking the Shlgella-induced immunomodulan'on 
of the host response observed during natural infection (Refs. 34 
and 35; J. Garnelas-Magalhaes and A. Phalipon, unpublished ob- 
servations). In addition, our previous data emphasize the relevance 
of this experimental model for testing the protective ability of 
raAbs that are expected to be effective in the intestinal environ- 
ment. Indeed, the protective capacity of murine mAbs specific for 
S. flexnerl serotype 5 a primarily demonstrated in the mouse pul- 
monary model (10) has been confirmed using both in vitro and in 
vivo models of intestinal infection (Ref. 36; A. Phalipon and B. 
Corthcsy, unpublished data). 

Naive mice were administered i.n. with each of the purified 
mlgO before Ln. challenge with a sublethal dose of 5. flexneri. 
Upon challenge, lung bacterial load in mice passively administered 
with 20 )J.g of each of the ralgO specific for S. flexneri 2a LPS was 
significantly reduced in comparison to control mice receiving PBS 
(Fig. 2/4). Upon passive transfer using 2 /*g of mlgG, only mlgG 
D15-7, A2-1, and E4-1 were shown to significantly reduce the lung 
bacterial load in comparison to control mice, but with much less 
efficiency than that observed using 20 jig (Kg. 2A). As shown in 
Fig. 22?, reduction of lung bacterial load in mice receiving 20 ftg 
of mlgG was accompanied by a reduction of inflammation and 
therefore of subsequent tissue destruction. In comparison to con- 



trol mice showing an acute bronchoalveolitis with diffuse and in- 
tense PMN cell infiltration (Fig. IB, a and b) associated with tis- 
sular dissemination of bacteria throughout tissues (Pig. 2Bc), only 
restricted areas of inflammation were observed in Ab-treated mice, 
essentially in the intra- and peribronchial areas (Fig. IB, d and e), 
where bacteria localized (Fig. 20 f). Following passive adminis- 
tration with 2 jug of mlgG, inflammation resembled that of the 
control mice with a similar pattern of PMN infiltration and tissue 
destruction, in accordance with the very low, if any, reduction in 
lung bacterial load (data not shown). Moreover, the protection ob- 
served was shown to be serotype specific, as anticipated. Mice 
passively administered 20 n% of mlgG Cl-7 specific for S. flexneri 2a 
were protected against a homologous challenge, but not upon heter- 
ologous challenge with S. flexneri 5a bacteria (Fig. 2Q. Similarly, 
mice receiving 20 jig of mlgG C20, a S. flexneri serotype 5a-specific 
mAb of the same isotype as mlgG Cl-7 (Le„ IgG3); showed signif- 
icant reduction of lung bacteria] load upon Ln. challenge with 5. flex- 
neri 5a, but not with S. flexneri 2a (Fig. 2Q. In mice protected against 
homologous challenge, Mammaoori was dramatically reduced with a 
slight residual intra- and peribronchial PMN infiltrate (Fig. 225, b and 
c). In contrast, in mice not protected upon heterologous challenge 
(Fig. 2D, a and d), inflammation and tissue destruction were similar to 
those observed in control mfce (Fig. 25, a and £>).. 

Recognition of synthetic oligosaccharides by protective S. 
flexneri serotype 2a-specific mlgGs 

A concentration of 1 mM was arbitrarily defined as the maximum 
ligand concentration to be used in. ELTSA inhibition assays. The 
binding of the five protective mlgGs to 23 synthetic mono- and 
oligosaccharides was evaluated in inhibition ELISA as described 
in Materials and Methods. None of the mono (A, B, and C are the 
same; D; E> or disaccharides (AB; BO, CD; D*A; EC) showed 
any binding even when used at a concentration of 1 mM. Evalu- 
ation of trisaccharide recognition by testing D'AB, BCD, CDA', 
ABC, BCD, and B(E)C emphasized the unique behavior of mlgG 
F22-4, which was the only Ab showing measurable affinity for 




FIGURE 2. Homologous (A and B) and heterologous (C and D) protection conferred by the different subclasses of mlgG specific for S. flexneri 2a 
serotype determinants. A, Mice receiving I.n. 20 or 2 fig of purified mlgG, respectively, 1 h before challenge with a sublethal dose of virulent S. flexneri 
2» bacteria. B, Hlttopathological study of mouse lungs. Upper row. Control mice; lower row, mice receiving mlgG. H&E staining: a and d, original 
on, X40; b and e, original magnification, XI 00. Immunostaining using an. anti-LPS Ab specific for S. flexneri serotype 2a: c and/, original . 
n, x 100. C, Mice receiving i.n. 20 fig of each of the purified mlgG, C20, and Cl-7 1 h before Ln. challenge with a sublethal dose of S. flexneri 



serotype 2a or serotype 5a bacteria. Z 



Histc 



iy of mouse lungs, a and b, Mice receiving mlgG C20 specific for S. flexneri 5a and challenged 



with S. flexneri serotype 2a and 5a, respectively, c and d. Mice receiving mlgG C 1-7 specific for S. flexneri 2a before challenge with S. flexneri 
2a and 5a, respectively. H&E staining, original magnification, X 100. Lung bacterial load was expressed using arbitrary 
the bacterial count in lungs of control mice. SDs are represented (n = 10 mice/group, three independent experiments). 
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Table I. tfecognitfon of the synthetic oligosaccharides by the protective mlgGs* 



ECD» 
ECDA' 
ECDA'B' 
B(E)CD 



AB(E)C 

D*AB(E)C 

AB(E)Cp, 

B(E)CDA'B'(E')C' 

D*AB(E)CDA'B'(E')C' 



179 ± 93 
181 ± 102 
354 ± 40 
5 ±0,9 
2,5 ± 0,4 
>1000 
>1000 
21 ±9 



0,22 H 



- 0,02 



>1000 
>1000 
>1000 



>1000 
>I000 
>1000 
340 ±80 
>1000 
>1000 
378 ± 24 
15 ±5 
3± 1,8 



>1000 
>1000 
87 ± 17 
75 ±9 
>1000 
>1000 
287 ±66 



>1000 
>100O 
734 ± 200 
242 ± 124 
19 ± 4.5 



he reducing end (right end) of the AB(G)CD biolotfcl RU. 



ue linked M the noroeUiicinj cad (left end) of Ih. 



such short oligosaccharides (Table I). ECD was the only trisac- 
charide recognized by F22-4, pointing out the crucial contribution 
of both the branched glucosyl residue (E) and the neighboring 
zV-acetyl-glucosaminyl residue (D) to Ab recognition. This was 
supported by the absence of IgG recognition for ABCE)C or D"A- 
B(E)C at any of the concentrations used. Comparison of the rec- 
ognition of the branched tetrasaccharide B(E)CD to that of the 
linear ECD indicated that rhamnose B, accounting for a reduction 
of the ICjo by a factor of -40, was also a key element in the 
recognition by F22-4, although of less impact than residue D, since 
B(E)C is not recognized. Indeed, B(E)CD was recognized by all 
of the protective mlgG, except A2-1 and C1-7, for which the min- 
imal sequences necessary for recognition at a concentration below 
1 mM were pentasaccharides AB(E)CD or B(E)CDA'. Extension 
of B(E)CD at the reducing end, yielding the branched pentasac- 
charide B(E)CDA', did not result in any major improvement of Ab 
binding for the other mlgGs. The minor, if any, contribution of 
reducing A to binding was also apparent when comparing F22-4 
recognition of ECD and ECDA'. Further elongation at the reduc- 
ing end, yielding ECDA'B' did not improve binding to F22-4. 

Introduction of residue A at the nonxeducing end of B(E)CD, 
leading to AB(E)CD, had a somewhat variable impact on Ab rec- 
ognition with a positive effect in the case of A2-1 and C 7-1 and 
a negative one by a factor -2 to ~5 when considering the other 
Abs. Thus, for the recognition of short oligosaccharides, two fam- 
ilies of mlgGs were identified: the first one, represented by F22-4, 
recognizing the ECD trisaccharide, and the second one, compris- 
ing the remaining four mlgGs, that recognized the same common 



ECD sequence flanked by the B residue at the nonreducing end, 
elongated or not with residue A at either end. This observation was 
confirmed when measuring the recognition of extended oligosac- 
charides (Table I)- Indeed, the decasaccharide D"AB(E)CDA' 
B'(E)'C' showed the highest affinity for all Abs except F22-4. In 
the latter case, the octasaccharide B(E)CDA'B'(E)'C was the 
best recognized sequence with an IC^ of 0.22 pM. Elongation to 
the decasaccharide by addition of D*A resulted in a loss of F22-4 
recognition by a factor of -20. Interestingly, recognition of the 
octa- and dccasaccharides by the other mlgGs differed from that of 
F22-4. D15-7, and E4-1 behaved similarly. Extension of 
B(E)CDA' by B'(E)'C leading to the octasaccharide, and then by 
D*A leading to the decasaccharide, both resulted in improving Ab 
binding by a factor of ~4. Contribution of B'(E)'C to Cl-7 bind- 
ing appeared to be minor, whereas introduction of D"A resulted in 
an overall gain in binding of -20. In the case of A2-1 , addition of 
B'(E)'C to B(E)CDA' resulted in a gain in recognition by a factor 
of —25, and subsequent elongation by D*A at the nonreducing end 
improved binding further by a factor of ~4. Thus, iti general, 
elongating the oligosaccharide sequence increases the Ab affinity. 

Molecular characterization of the protective S. flexneri serotype 
2a-specific mlgG 

To analyze whether the differences observed in the recognition of 
oligosaccharides by the mlgGs reflect differences in the structure 
of these mAbs, their CDRs were sequenced (Table II) (37). Only 



e five 

mlgGs" studied. J606 (38) and VK24725 (39) encoded F22-4 



Table n. Comparison of the CDR sequences of mlgG specific for S. Bexneti 2t 



A2-1 
Cl-7 
D15-7 



DYSLH 
DYSIH 
YSSIH 



LI 



27abcde 
RATS SVGYIN 
SASS SVGYIH 
SASS SVGYIH 
RARS SVGYMN 
RSSKSLLHSDGITYLY 



EIRLKSDNYATYYAESVKG 



ATSNLAA 
DTSKLAS 
DTSKLAS 



YDYAG FY 
YRYDG AH 
PM DY 



QQWSSDPFT 
QQWSSNPLT 
QQWSRNPLT 
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V H and V t , respectively. A2-1. Cl-7, D15-7, and E4-1 V H genes 
were members of the VGAM3-8 family (40) and their V fc genes 
belonged to the VK4/5 family (39). The joining segment of the 
F22-4 H chain was encoded by JH4 (41), while A2-1, Cl-7, 
D15-7, and E4-1 H chains shared the same diversity and joining 
segments, DSP2 (42) and JH3 (41). respectively. The joining seg- 
ment for the L chain is encoded by JK1 (43) for F22-4, JK4 for 
A2-1 and E4-1, and JK5 for Cl-7 and D15-7. For all mlgGs, the 
CDRs L2, L3, and HI were similar to canonical classes (44), 1/7 A. 
l/9A,and 1/10A, respectively (45). For F22-4. the canonical forms 
of the loops Ll and H2 were similar to classes 4/16A and 4/12A, 
while those of the four other Abs belonged to classes 1/10A for Ll 
and 2/10A for H2. The CDR-H3 of A2-1, Cl-7. D15-7, and E4-1 
contained seven residues, including several aromatic ones, while 
the CDR-H3 of F22-4 was very short, made of only four amino 
acids with a proline residne in the first position. These results 
suggest that the unique behavior of F22-4 in recognizing the tri- 
saccharide ECD, in comparison to the other mlgGs, could be re- 
lated to a particular molecular structure. 
Immunogcnicity of semisynthetic giycoconjugates incorporating 
selected oligosaccharides 

Among the different oligosaccharide* tested, we selected 1) ECD 
since it was the shortest sequence recognized with an IC M below 
1 mM, at least by one of the five mlgGs (Table I); 2) B(E)CD since 
ir was the tetrasaccharide recognized by three of five mlgGs in 
contrast to ECD A' recognized by F22-4 only and AB(K)C not 
recognized at all (Table I); and 3) AB(E)CD since it represents the 
biological O-Ag RU and was almost as well recognized by the five 
mlgGs as B(E)CDA (Table I). Besides, its synthesis was believed 
to be less demanding than that of B(E)CDA. Because longer se- 
quences were shown to be better recognized than shorter ones, we 
tested the decasaccharide [AB(E)CD], representing two biological 
RU and the pentadecasaccharide [AB(E)CD] 3 representing three 
biological RU, although they may not be the easiest targets when 
considering synthetic strategies. Our choice derived from the fol- 
lowing observations: 1) the oeta- and decasaccharides used for the 
antigenicity study were chosen arbitrarily because they were 
readily available; 2) studies on short fragments have demonstrated 
the crucial input of reducing D in Ab recognition; and 3) the pres- 
ence of nonreducing A was thought to be critical since terminal 
nonreducing residues of carbohydrate haptens may be immuno- 
dominant (46). The corresponding TT giycoconjugates were con- 
structed (see Materials and Methods) and the average value for 
carbohydrate:protein ratio was shown to be 12. Intraperitoneal im- 
munization of mice was performed using an equivalent of 10 fig of 
oligosaccharide per dose without any adjuvant The immunoge- 
nicity of the different giycoconjugates was assessed 7 days after 
the third and fourth immunizations, and the last boost was shown 
to significantly increase the anti-oligosaccharide and anti-LPS 2a 
IgG Ab titers (data not shown). ECD -TT neither elicited an anti- 
oligosaccharide IgG response nor an anti-LPS 2a IgG response. 
Anti-oligosaccharide Abs were induced by B(E)CD-TT, but no 
anti-LPS 2a IgG response was measured (data not shown). In con- 
trast, the giycoconjugates incorporating 1, 2, or 3 RU raised both 
anti-oligosaccharide (Fig, 3A) and anti-LPS 2a IgG responses (Fig. 
3S). However, we observed that the anti-LPS 2a IgG titer elicited 
as well as the number of mice responding was highly dependent on 
the hapten length (Fig. 3B). Whereas only 28.5% of mice re- 
sponded to AB(E)CD-TT. 85% responded to [AB(E)CD) a -TT and 
100% to fAB(E)CD] 3 -TT. In addition, mice immunized with the 
pentasaccharide elicited an anti-LPS 2a IgG titer significantly dif- 
ferent from that induced by the pentadecasaccharide but not from 
that induced by the decasaccharide (p = 0.005 and 0.2, respec- 



Anti-rfJgosacdunlde IgG response 




mice 



FIGURE 3. Immunogemcity of the selected oligosaccharide! used as 
TT giycoconjugates. BALB/c mice were immunised three times at 3-wk 
Intervals, followed by a last boost 1 mo later, with TT glycocoajugites 
incorporating 1, 2, or 3 RU using an equivalent of a 10 jig/dose oligosac- 
charide, in the absence of adjuvant. Anri-oligosaccharine and tnn-LPS 2a 
IgG responses were measured at day 7 after the last immunization by 
ELBA. The Ab titer was defined as Die last serum dilution giving an OD 
of at least twice that obtained with sera of naive mice. Individual Ab re- 
> presented for one experiment Including 14 mice and. represen- 
. For both the and-LPS and antl- 
) groups of mice Is 

: (p < 0.05). 



lively). Similarly, mice immunized with the decasaccharide elic- 
ited an anti-LPS 2a IgG titer significantly lower than that elicited 
with the pentadecasaccharide (p - 0.0002). No cross-reactivity 
against serotype 2a LPS and each of the selected oligosaccharides 
was detected in sera of control mice immunized ith TT alone 
(data not shown). Taken together, these results demonstrate that 
the pentadecasaccharide [AB(E)CD] 3 is as an accurate functional 
mimic of the O-Ag and, therefore, is a good candidate for the 
development of a chemically defined glycoconjugate vaccine 
against S. fiexneri 2a infection. 



In view of developing a chemically defined glycoconjugate vac- 
cine to S. fiexneri serotype 2a, we have characterized the key el- 
ements of the serotype-specific immunodominant determinants 
carried by the O-Ag and analyzed their potential as functional 
mimics of the native Ag. Indeed, it is expected that more potent 
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anti-LPS- Abs will be induced using neoglycoproteins incorporat- 
ing synthetic oligosaccharides accurately mimicking the O-Ag de- 
terminants targeted by protective Abs. 

Five mlgGs specific for the serotype 2a of S. fiexneri were char- 
acterized for their protective capacity, the amino acid sequences of 
their CDRs, and the oligosaccharide determinants they recognize 
on the O-Ag. It is noteworthy that a large number of O-Ag-specific 
aati-Shigella mAbs were produced for diagnosis purposes (47-57). 
However, only a few of them were precisely characterized in terms 
of protective capacity, recognition pattern, or molecular structure 
(48, 58 -60). To obtain mlgO. hybridoraa cells were selected on 
the basis of their secretion of mAb recognizing determinants spe- 
cific for the S. fiexneri serotype used for immunization, i.e.. sero- 
type 2a or 5a, respectively. During screening, most of the hybnd- 
oma cells tested (-90%) were shown to secrete serotype-specific 
mAbs. This result differs slightly from previous reports on the 
isolation of mAbs directed to determinants common to several S. 
fiexneri serotypes including 2a aiid 5a (53. 54). It may be explained 
by recent new insights on S. fiexneri O-Ag conformation in the 
case of S. fiexneri serotype 5a demonstrating the impact of the E 
residue specifying the serotype on the overall conformation of the 
O-Ag (61). Analogously, we may reasonably hypothesize that this 
residue also protrudes exquisitely from the surface of the O-Ag in 
the case of serotype 2a. and being repeatedly exposed at the bac- 
terial surface, preferentially triggers B cell receptor-mediated rec- 
ognition, thus leading to the induction of a predominant antt- 
serotype specific Ab response. In favor of this hypothec is the 
demonstration that during natural infection in endemic areas where 
several Shigella species and serotypes coexist, the mucosal Ab 
response is predominantly directed against serotype-specific 
determinants (2. 62). . 

Importance of the E residue and its surrounding sugars is again 
emphasized in the current study. Indeed, by measuring oligosac- 
charide-raAb interaction in inhibition EUSA. we showed that the 

S. fiexneri 2a O-Ag exhibits an intrachain ™~ , " m " M '" rie e 

■-• j.. ^..^.nH^ Ern 



A SYNTHETIC PENTADECASACCHARID^MIMIC OF S. fiexneri 2a O-Ag 



S. Jtexnen za u-«j — 

minant comprising the trisaccharide ECU as l 

required for inhibiting mlgG-LPS recognitio r » - - 

mAb. additional flanking residues at the nonreducing or reducing 
end of ECD are required for optimal recognition at Ugand con- 
centrations below t mM. Since EC is not recognized by any of the 
protective mAbs. binding of F22^ to ECD points out to the key 
contribution of the tf-acetyl-glucosamine D residue in the interac- 
tion. A F22-4 closely related binding pattern has been reported for 
mAb SA-3 specific for the cell wall polysaccharide °f SroupA 
Streptococcus whose RU is a branched tnsacchande (63). Indeed, 
Abs to branched polysaccharides often rccogmze the baching 
point as shown for anti-Salmonella scrogroup B mAb Scl 15-4 (64) 
and for mlgG C20 specific for S. fiexneri 5a O-Ag. The latter, 
shown in the present article to be protective against a homologous 
but not a heterologous strain (Fig. 3). recognizes the branched 
A(E)B trisaccharide epitope (A. Phalipon. unpublished data). 

In accordance with the unique recognition pattern of F22-4. we 
showed that the CDR sequences of this mAb completely differ 
from those of the four remaining ones. It is noteworthy that the 
F22-4 CDRs HI. H2. LI, and L2 are quite similar in sequence 
and/or length to those of SYA/J6, an IgG3 specific for 5. fiexnen 
serotype Y. one of the few antibacterial polysaccharide Ab for 
which x-ray studies of Fab-oligosaccharide interactions have been 
determined (65). In contrast, the H3 loops, which are the major key 
of Ab diversity, differ strongly. The CDR-H3 comprises mne and 
four amino acids for SYA/J6 and F22-4, respectively. SYA/J6 is 
an example of a groove-like site for binding of an internal 
ABCDA' oligosaccharide epitope repeatedly exposed ou the heli- 
cal S. fiexneri Y O-Ag (60) and its base which includes three Gly 



residues shows the torso-bulged structure (66). In the case of 
F22-4, the H3 loop, which can only form a short hairpin, would 
probably allow a more open binding site that could accommodate 
the branched E residue. 

For the other mlgGs, B(E)CD is the minimal sequence required 
for recognition. These mAbs bind intrachain epitopes, as indicated 
by the fact that D15-1 and E4-1 bind to B(E)CD slightly better 
than to AB(E)CD. This is strongly supported by the increased 
recognition, by all mlgGs, of the octasaccharide and decasaccha- 
ride having a B and a D residue at their reducing end. respectively, 
in comparison to that of AB(E)CD. In this regard, the carbohy- 
drate-binding specificity of this family of Abs resembles that of a 
panel of Abs specific for the well-studied Gram-positive group A 
Streptococcus cell wall polysaccharide, that has a branched tnsac- 
charide RU (67). It is somewhat puzzling to note that although 
their recognition of the shorter oligosaccharides slightly differs, all 
of the mlgGs fall into the same pattern of binding when consid- 
ering the decasaccharide. In accordance with their similarities in 
oligosaccharide recognition. D15-1. E4-1. A2-1. and Cl-7 exhibit 
similar CDR sequences for both their H and L chains. Further 
structural analysis of these mlgGs in complex with oligosaccha- 
rides will determine which mAb residues are directly involved m 
Ag binding and will identify the contribution of each sugar to Ab 

re As previously reported using the same experimental model for a 
murine mAb of the A isotype (mlgA) specific for S. fiexneri se- 
rotype 5a mimicking the secretory IgA-mediated mucosal response 
(10) we demonstrate here the protective capacity of serotype-spe- 
cific mlgGs. regardless of their subclasses, in controlling homol- 
ogous infection with S. fiexneri 2a. A similar result is reported for 
mlgG C20 specific for S. fiexneri serotype 5a. In both cases, no 
cro^-protection was shown to occur. With die limits of the exper- 
imental model, these data contribute to n better understandmg o 
the role of systemic vs mucosal Ab responses in protection against 
reinfection by emphasizing the contribution of serotype-spccirlc 
systemic IgG response in protecting the host against Shigella re- 
infection as earlier hypothesized (68). This is in accordance with 
■ previous results indirectlv demonstrating the protective role of the 
systemic response upon vaccination on the field using a detoxified 
S. sonnei LPS-based conjugate administered parenterally and elic- 
iting mainly a specific anti-LPS IgG response (4). 

By testing the immunogenic^ of selected oligosaccharides 
based on our antigenicity data, we demonstrated that not all of the 
selected antigenic sequences accurately mimic the natural Ag. In 
particular, the tetrasaccharide B(E)CD was identified as an immu- 
nodominant epitope on the O-Ag, and immunization with the cor- 
responding TT conjugate induced a high titer of anti-B(E)CD Abs. 
indicating that this oligosaccharide was immunogenic in imce. 
However, in contrast to other bacterial systems for which protein 
conjugates incorporating fragments shorter than 1 RU of the sur- 
face capsular polysaccharide (CP) were shown to induce anti-CP 
Abs (69, 70), B(E)CD-TT failed to induce any detectable anti-LPS 
IgG, demonstrating that this short sequence was not a functional 
mimic of the O-Ag. An analogous situation was observed earlier 
for S. pneumoniae type 6B semisynthetic glycoconjugates evalu- 
ated in mice, although conjugates incorporating haptens smaller 
than 1 RU induced anti-CP protective Abs in rabbits (71). Inter- 
estingly, AB(E)CD-TT, incorporating the exact biological RU, 
was able to induce anti-LPS Abs in mice although with a poor 
efficacy. These results support those obtained with a series of Sh- 
eila dysenteriae type 1 glycoconjugates bearing haptens differing 
by length and reporting that a minimum of 2 RU were needed to 
induce high titers of anti-LPS Abs (5). In contrast, our data differ 
from those published on S. pneumoniae type 14 (72) and type 3 (6) 
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and emphasize that bacterial PS should be dealt with on a case- 
by-case basis. The most striking observation in our study was the 
strong enhancement of the anti-LPS Ab titer resulting from elon- 
gation of the hapten length, when going from one biological RU. 
to 2 and 3 RU. This is in accordance with previous reports em- 
phasizing that better immunogenicity can be obtained with longer 
saccharidic haptens (5, 46) and former assumptions that a mini- 
mum of 2 RU was necessary for inducing a strong anti- 
polysaccharide Ab response. 

As hypothesized earlier (68), and subsequently confirmed in hu- 
man studies using classical glycoconjugates based on detoxified S. 
sonnei LPS (4), the presence of anti-LPS IgG appears as a reliable 
marker to predict protective immunity induced by parenterally ad- 
min istered glycoconjugate vaccines. According to this assumption, 
several groups have gone through clinical trials (73-75), and oth- 
ers are considering doing so (5). We are, therefore, confident in the 
efficacy of the pentadecasaccharide mimic we identified in induc- 
ing protective immunity. The parameters influencing the immuno- 
genicity of the glycoconjugate are currendy being studied to en- 
vision in the near future a Phase I clinical trial. 

Since no data are available, so far, a question that remains open 
is the feasibility of the semisynthetic strategy for the development 
of multivalent glycoconjugate vaccines. Actually, the approach we 
have undertaken may appear more time-consuming than the com- 
bination of the relevant classical polysaccharide-protein conju- 
gates, involving polysaccharides purified from the different prev- 
alent strains, detoxified if required, and subsequently coupled to an 
appropriate carrier. However, we assume that in addition to po- 
tential advantages previously mentioned (cf. Introduction), the 
chemically defined approach is particularly suited for the construc- 
tion of a multivalent S. ftexneri vaccine. Indeed, S. ftemeri sero- 
types only slightly differ in their O-Ag structure and future syn- 
thetic strategies could benefit from knowledge gained from our 
work on serotype 2a. In-house ongoing studies will contribute to 
the assessment of the accuracy of our assumption. 
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Following several decodes of research, there is not yet a convincing vaccine against shigellosis. It is still difficult, in spite of the breadth of 
strategics (ix. live attenuated oral, killed oral, suonnit parenteral} to select an optimal option. Two approaches are clearly emerging: fl) live 
attenuated deletion mutants bawd on rational selection of genes that are key in the pathogenic process, and (U) conjugated detoxified poly- 
saccharide parenteral vaccines, or mora recently conjugated synthetic carbohydrates. Some of these approaches have already undergone phase I 
and U clinical trials with promising results, but Important issues have also emerged, particularly the discrepancy between colonization and 
immunogenic potential of Uve amm na twd vaccine candidates depending open *e population concerned 6 c- "on endemic va. endemic areas). 
Efforts ate needed to definitely establish the proof of concept of these approaches, and thus the need for clinical trials which should also soon 
explore the possibility to associate different serotypes, in response to serotype specific protection against shigellosis. More basic research it also 
required to improve what wo can still consider as ffat-genotatic* vaccines, and to explore possible new paradigms tocJudhnr the search for cross- 
protective and gens. 

© 2008 Elsevier Masson SAS. All rights reserved. 
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Shigellosis (bacillaiy dysentery) is endemic throughout (he 
planet, although essentially a major health concern In Its most 
impoverished areas, particularly in the pediatric population 
between 1 and 5 years old It can be caused by any serotype 
belonging to four groups: group A (Shigella dysenteric*), 
group B (Shigella flexturi), group C (Shigella boyau), and 
group D (Shigella somei). The serotype 1 of S. dysenteria* 
(SD1) emerges as one of particular concern, due to its 
expression of the Shiga toxin, a potent cytoioxin that not only 
aggravates (he mleslinal symptomatology, but also causes 
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major systemic complications such as the Hemolytic Uremic 
Syndrome (HUS). S. sotutci incidence tends to Increase over 
other groups as living standards improve, Unix dominating as 
an endemic strain in western countries. The disease is char- 
acterized in its classical forms, by a short period of watery 
diarrhea with increasing intestinal cramps and general malaise, 
followed by the appearance of a dysenteric syndrome that 
comprises intestinal cramps and tenesmus, leading to perma- 
nent emission of bloody, often mucopurulent stools. Acute 
complications may occur in absence of quick antibiotic 
treatment, such as toxic megacolon, peritonitis, and septicemia 
that is mostly observed in severely malnourished children. 
Conversely, repeated shigellosis episodes may lead to severe 
malnutrition, thus a vicious circle. When poor conditions are 
concentrated in a single epideim'ological crisis, like in refugee 
camps, the attack and mortality rates may be quite high, as 
observed in Goma, Zaire, in 1994 in the course of an SD1 
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epidemic. Projections based on methodologically convincing 
epidemiological studies from (he three previous decades 
allowed, back in 1999, to evaluate the number of cases of 
shigellosis to 169 million per year, with a death rate ranging 
between 500.000 and 1.1 million, 69% being children below 
5 years in the developing world M. These impressive figures 
have undoubtedly led the community to realize that shigellosis 
is a high-impact disease, particularly in the poorest pop- 
ulations. The WHO has set it at the top of its priority list, along 
with EXEC, for the development of a vaccine, and this has 
recently emerged as a "Shlgtlla-ETEC vaccine Initiative" by 
the Bill ft Melinda Gates Foundation. Current figures may not 
be that high however, although the epidemiological situation is 
evolving and figure* are lacking in key areas, particularly in 
Africa. Recent surveys indicate that in general, the incidence 
of diarrheal diseases remains stable worldwide, although 
mortality shows sustained decrease, being currently evaluated 
at a level of 4.9/1000 per year [2]- A recent epidemiological 
survey conducted in six Asian countries [3] has established 
that shigellosis was likely lo be following a similar trend with 
a stable incidence of cases (4.6% of eases of diarrhea), and 
decreased severity and mortality. The rationale for this switch 
in disease profile is still unknown. Several modes of expla- 
nation may be envisioned, such as better nutrition and hygiene 
paralleling economic development of the Asian continent, 
absence of current epidemics of SD1, bettor education of 
mothers, improvement of primary health care, and extended 
use of ORS and antibiotics. The issue of antibiotic* is likely to 
be an important one. Beyond the possibly positive impact of 
free, uncontrolled use of antibiotics on the disease profile at 
this stage, one may just ss soon have to face a new crisis 
associated with multidrug resistance. In some area*, the 
prevalence of strains resistant lo all first-line antibiotics, 
including fluoroquinolones, reaches 5% and is clearly on the 
rise. It is also unlikely that the epidemiological situation in 
Asia can be generalized, lhus there is a need for an exhaustive 
evaluation of the incidence of shigellosis, particularly in the 
sub-Sahanut part of the African continent. Current economic 
stagnation and frequent social instability are creating condi- 
tions for shigellosis lo remain a leading cause of morbidity and 
mortality. In order lo facilitate such studies, there is a need for 
efficient and durable surveillance networks benefiting from 
good microbiological expertise and novel quick, reliable, and 
robust diagnostic tools such as imrouncchromatograpbic 
dipsticks that could be used directly on focal samples [41. 

All elements being considered, including the permanent 
risk of massive re-emerging epidemics, the need for a Shigella 
vaccine clearly remains. Its major target would be the pediatric 
population of the developing world, essentially infants around 
. the age of 1 year, and possibly also the elderly population that 
represents the other peak of disease susceptibility. Such 
a vaccine conld also benefit travelers to high-risk areas, 
particularly those working or intervening in these areas, t.g. 
members of NGOs, army personnel, etc. 

Shigella infection prevents disease during subsequent 
exposures. Lipopolysacchsxide (LPS), the major bacterial 
surface antigen, is the main target of the host adaptive 



immunity. Anti-LPS antibodies (Ahs) are elicited upon 
mtection, both locally as secretory IgA (SIgA), and systemi- 
cally as serum IgQ. Ab-mediated protection has been shown to 
be mostly serotype specific IS], pointing to the O-specific 
polysaccharide moiety of LPS. also termed O-antigen (O-Ag), 
as the target of me protective immune response. Indeed, 
Shigella serotypes arc defined by the structure of their O-Ag 
repeating unit (RTJ) [6J. 

This has been a strong incentive to considering that 
protection was an achievable goal with an oral vaccine 
reproducing key steps of the natural infectious process. Still, 
natural protection is not absolute and rather short lasting, and 
again, essentially serotype specific (7J— not necessarily good 
news for Shigella vaccine developers. Nevertheless, phase m 
trials carried out In Yugoslavia in the 1960s [8], using Strap, 
tomycin-dependent (SmD) mutants at S. flexneri tads, soimei, 
had shown that oral vaccination was an achievable goal. This 
has remained over the years the gold standard, even though 
reversion of the mutation, in some cases, had illustrated the 
need for an association of attenuated mutations consisting in 
gene deletion, whose selection would be rationally based on 
the increasing knowledge in the pathogenic mechanism* of 
Shigella [9]. Following these encouraging initial results, 
attempts were indeed made at rationally attenuating virulence 
of candidate strains representing the most frequently isolated 
serotypes, such as S. flexneri 2a and S. sonnei, as well as 
S. dysemeriae serotype 1, due to severity of cases. Two major 
strategies have been considered: (i) altering key metabolic 
pathways affecting bacterial growth In tissues, or (H) knocking 
out virulence genes selected upon their expected capacity to 
affect one or several key steps of the infectious process. Soma 
recent vaccine candidates have combined both approaches. An 
initial candidate belonging to the first category, an an mutant 
of S. flexneri (SFL124) expressing the J. flexntri group 
antigen, was constructed in an attempt to obtain cross- 
protection. This mutant appeared too attenuated, thus very 
well tolerated by volunteers in clinical trials, but weakly 
immunogenic [10,11]. This vaccine candidate raised an 
important issue regarding the bases of its attenuation. It is 
likely that the wild-type strain that had been selected was 
already weakly pathogenic, therefore its further attenuation by 
am mutation likely accounted for insufficient colonization 
potential and immunogenicity. A recent review has stressed 
the need to confirm full pathogenicity of the strains thai serve 
as a basis for vaccine construction [7J. This is ethically 
complicated, but the mere isolation from a patient may not 
guarantee that the isolate shows "optimal" pathogenicity. 
Other metabolic mutations have been considered, particularly 
guaAB thai introduces a severe auxotrophy impairing synthesis 
of nucleic acids [12], as well as mutations imputing the 
strain's capacity to scavenge ferric iron (Fe 3+ ). a property 
required to compete for vital Fe 3+ , via the production of 
riderophores (i.e. aerobactin or enlerochelin), against iron- 
chelating molecules of mucosal surfaces (i.e. lactofinrin), or of 
tissues (Le. aerobactin) [13]. The most recent Shigella vaccine 
candidates have undergone a combination of metabolic and 
virulence mutations. This combination can lead to various 



A. Phaltpan ft aL I Mkrahu mi Infection 10 (MM) 1057-1061 



degrees of attenuation. Current vaccine candidates, on these 
bases, can fall into the category of weakly attenuated or 
strongly attenuated strains. 

In the category of weakly atlennated candidates belong 
fciA-based mutants, IcsA is an outer membrane protein of 
Shigella that nucleates cellular aeon, thereby allowing intra- 
cellular motility and cell to cell spread of the microorganism. 
Mutation in this gene impairs the capacity of Shigella to spread 
extensively m the epithelium, away from its initial lite of entry 
[14]. It has been shown that such mutants were directly targeted 
to colonic solitary nodules, the actual inductive sites of the 
mucosal immune response [15]. Combined with a deletion of 
the aerobaciin system (iuc iuQ, in S. flexneri 2a, icsA haa 
provided a vaccine candidate (SC6Q2, Insuiut Pasteur) (hat has 
undergone phase I and II clinical trials (Waller Reed Army 
Institute of Research and US Army I 



aging in Western volunteers [16]. In. brief, the strain was 
strongly immunogenic, eliciting a high percentage of circu- 
lating plaamocytes producing anti-LPS IgA by the ELISPOT 
assay, although showing residual reactogenlcity with limited 
fever and diarrhea in about 12% of the recipient volunteers. 
Moreover, when vaccinees who had received a dose of 
10* CPU as vaccine inoculum were challenged with a wild- 
type, pathogenic S. flexneri strain of similar serotype, they 
appeared fully protected against dysentery, and subsequent 
Studies carried Out in the USA and Israel demonstrated the 
absence of accidental transmission [17]. In short, this was 
a quite encouraging series of studies that certainly confirmed 
the concent that a live attenuated Shigella vaccine is an 
achievable goal. A dicsA S. sonnei vaccine candidate con- 
strucied by scientist* at WRAIR (WRSS1) showed similar 
results with regard to tolerance and Immunogenicity [18]. More 
recently, a S. dyseitteriae 1 vaccine candidate (SC599, Instiuil 
Pastenr) has been tested in phase I and n trials (Saint George 
Vaccine Institute, London, UK, and Centre de Vaccmologie 
Cochin-Pasteur, Paris, France). In this strain, three deletions 
have been introduced: AicsA, Atntfepfes (genes encoding the 
enterochelin system), and AjtxA, the gene encoding the cata- 
lytic summit of Shiga toxin. Unlike its S, flexneri and S. sonnei 
AicsA counterparts, this strain has shown good tolerance, 
limited systemic immunogenicity (as judged by aerie IgM, IgO 
and IgA liters), and average to good mucosal immunogenicity 
as judged by percentage of anti-LPS IgA measured by ELI- 
SPOT, in comparison to SC602 and WRSS1 (in press, and in 
preparation). In the absence of clear correlates of protection, it 
is currently difficult to anticipate the potential of this family of 
vaccines for die future. This is a particularly important issue, as 
the serolype-dependent nature of protection would necessitate 
further construction of strains, particularly S. flexneri 3a, lb 
and 6, in order to cover a broader spectrum of serotypes [19], 
and testing of a combination of these strains to address issues 
such as interference. Last but not least, only a phase HI efficacy 
trial conducted in an endemic area may provide the final piece 
of information required to validate the approach. lb add to the 
difficulty, SC602 was tested in a phase H trial in a highly 



AFRIMS, and WHO). The strain showed excellent tolerance in 
all age categories, including 1-year old infants with inocula up 
to 10 CFU (unpublished data). On the other hand, colunization 
appeared limited and immunogenicity very weak. Beyond 
possible tachnical issues, it remains mat one dose of such 
AfcxA-baaed vaccine appears immunogenic and possibly 
protective In (Shigella-neiwt) Western populations, but clearly 
shows less inununogenicily and weak capacity to colonize in 
endemic areas. Several possibly combined hypotheses may 
account for this issue: the protective role of breast feeding 
against the vaccine strain in infants, the high level of innate 
stimulation of the intestinal mucosa by recurrent enteric 
infections in a highly endemic zone, thereby severely affecting 
the capacity of the vaccine strain to colonize the mucosa (in this 
context, the nature of the selected mutation may need to be 
discussed), the high exposure of children, at an early age, tn 
multiple enteric pathogens, including the most prevalent 
serotypes of Shigella, thus a quickly acquired status of adaptive 
immunity, in any event, these observations are important to 
consider because they are very unlikely to apply only to this 
particular category of vaccine candidate. Considering si least 
two oral doses as a possible solution to discuss, il would require 
a second phase D study in similar epidemiological conditions. 

lb the category of strongly attenuated strains belongs 
a series of strains constructed at the Center for Vaccine 
Development (University of Maryland). In the most recent 
generation of vaccine constructs, a S. flexneri 2a strain has 
undergone a guaAB mutation that has been combined with 
a ms and a set mutation, thereby knocking out the genes 
encoding two putative enterotoxins of this serotype. A strain 
named CVD 1208 has been tested in a phase I trial [2021]. The 
tolerance appeared excellent, including the lack of residual 
diarrhea, validating (he elimination of Sen and Set expression, 
thereby allowing administration of vaccine doses up to 
10' CPU without side effects. At such doses, systemic and 
mucosal responses reached good levels, similar to those 
observed whh SC602 with a 10 4 CFU Inoculum, if one tries 
a comparison [16]. 

This is clearly an alternative option that also needs to be 
validated in further trials, including in the field. 

In spile of the encouraging results observed in the course of 
these Afferent studies, issues clearly remain such as: 

- Will h be possible to immunize with a single oral dose? 

- What is the acceptable limit of serotype numbers to be 
introduced in a rt 
increasing serotype d 
region considered? 

- Should the current strategies of vaccine design take into 
account the most recent evidence that Shigella is able to 
strongly interfere with the innate and adaptive immune 
response of the host, thereby creating an immunosup- 
pressive environment that is not questionable in a vaccine 
concept? ([9,22]; Game! as Magalhaes ct at, submitted) 

Subnnit vaccines based on the use of the major protective 
, LPS, and administered parenterally are an 
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alternative option for the development of & Shigella vaccine. 
However, UPS cannot be used at a parenterally administered 
irorounogen, due to its highly toxic lipid A. Strategies involving 
constructs whereby LPS toxicity is masked, or LPS analogues 
devoided of toxicity, were investigated instead. Similarly to the 
successful conversion of bacterial capsular polysaccharides 
fromT-cell independent antigens (Ag)toT-cell dependent ones 
[23-25]. the non-toxic acid-detoxified 5. fiexneri 2a LPS 
(pmLPS) was turned into a potent T-ceJI dependant imrnimogen 
through its covalent coupling to a protein carrier. Since the 
early 1990s, several S. fiexneri 2a pmLPS-proteio conjugates 
have been shown to be safe and immunogenic in adults [26,27] 
as well as in young children [28]. The most encouraging results 
were obtained with a 5. sonnet praLPS-rEPA conjugate 
vaccine administered parenterally to young adults, showing 
protecdon In about 75% of the vaccinees during a S. sonnet 
outbreak £29]. Nevertheless. Shigella pinLPS-protem conju- 
gate vaccines remain complex constructs obtained from 
randomly activated pmLPS. Potential loss of antigenicity may 
occur during detoxiltofltion and/or coupling to the carrier. Thus, 
accurate controls of these two crucial steps are required to 
ascertain both the complete removal of LPS toxicity and 
maintenance of LPS antigenicity. In addition, appropriate 
consideration should be given to the increasing requirements 
from regulatory agencies for always better-defined molecules 
to be used in humans. 

An alternative lo eouvenlional pmU'S-protein conjugates 
is the use of synthetic mnnici of the bacterial O-Ag. Indeed, 
following early reports in the 1940s [30], increasing evidence 
supports the concept that carbohydrate epitopes, which are 
made or short oligosaccharide (OS) sequences, are immuno- 
genic in animal models once conjugated to appropriate carriers 
[31-33]. Mont importantly, recent and anticipated future 
Improvements in glycochemistry are expected lo give access 
to better-defined and standardized complex carbohydrates. 
Thus, besides the search for peptide mimics [34-37], the use 
of OS mimicking the carbohydrate determinants recognized by 
antj-O-Ag protective monoclonal antibodies (mAbs) has been 
developed [38,39]. Such mimics are expected lo induce 
a protective anti-LPS Ab response when appropriately pre- 
sented to the immune system. Along this line, a new vaccine 
candidate targeting S. fiexneri 2a infection has recently 
emerged [40]. This synthetic OS-based conjugate was 
designed in order to obey to the following rales: (i) the use of 
carbohydrate haptens suitable for single-point attachment onto 
a carrier to overcome the limitations due to LPS random 
chemical medications and/or detoxification; (11) the control 
of various parameters such as the length and nature of the 
carbohydrate hapten, ha loading onto the carrier, as well as the 
choice of the carrier, to allow the design of glyajconjugates 
with opdmal immunogenlcity. It was Issued from a four-step 
process encompassing ft) identification of the protective 
5. fiexneri 2a epitopes, (ii) conception of the candidato gly- 
coconjugates. (Ill) study of the immunogenicily of the glyco- 
conjugates in mice, and (iv) when appropriate, analysis of the 
protective efficacy of the antW. fiexneri 2a LPS Abs induced 
by the glycoconjugates. 



A rational strategy was undertaken for the identification of 
protective IS. flexnerU 2a epitopes. The methyl glycosides of 
di- to pentasaccharides representing frame-shifted fragments 
of the basic IS. flexnerU 2a O-Ag RU (a branched penta- 
saccharide AB()E)CD as shown in Hg. 1), together with an octa- 
and a decasaccharide. were synthesized by multi-step chemical 
synthesis [41-46], Analysis of the contribution of each mono- 
saccharide residue to the recognition of IS. fiexneri/ 2a LPS by 
several serotype 2a-specific protective mlgOs showed that most 
mAbs bind internal epitopes repeatedly exposed on the LPS. In 
addition to outlining the key role played by BCD in Ab recog- 
nition, B(E)CD was shown to represent an irnmunodominant 
protective detErrmnanU However, since chain elongation 
improved mlgO binding, a decs- and a pentadecasaccharide 
representing 2 and 3 biological RU, respectively, were synthe- 
sized [47] in addition to selected short haptens [48]. 

Upon coupling of severe) OS* including ECD, B(E)CD, 
AB(E)CD, |AB(£)CD]], and [AB(E)CD] 3 , to the classical 
carrier protein, tetanus toxoid (TT), by controlling both the 
coupling chemistry and the OS loading, itnmunogenicity of 
the resulting glycoconjugates was investigated in mice. 
[AB(E)CDlj clearly appeared as the best sequence among 
those tested for the induction of anti-LPS IgGs specific for 
S. fiexneri 2a. indeed, AB(B)CD and [AB(E)CDli were elic- 
iting a significant, albeit lower, anti-LPS IgO response [40]. 
More importantly, IgGs induced by the gryooconjugate 
Incorporating TAB(E)CD] } were shown to be protective, and 
protection was clearly shown to be dependent on the anti-LPS 
Ab titer [49] (Phalipon et sl„ submitted). 

A phase I clinical Trial is envisioned and preclinical 
investigation is under way, the major goal being the production 
of GMP batches of the selected conjugate by companies expert 
in the synthesis of complex carbohydrates and/or pory» 
saccharide— protein conjugates. The good news is that the 
multi-step chemical synthesis leading to the obtentton of 
[ AB(P)CD]j has been recognized as feasible at large scale and 
reasonable cost, suggesting that the semi-synthetic glyco- 
conjogate vaccine approach remains an attractive option thai 
fulfills most of the WHO requirements concerning die avail- 
ability of vaccines for developing countries. 

Further development will integrate the need for multi- 
valency, and a lot of effort is currently invested in the identifi- 
cation of a cross-protective antigen. Besides the testing of new 
routes of systemic delivery. Immunization is being investigated. 

Recent evidence indicates that some structures involved in 
the pathogenesis of Shigella, the protein components of which 
are highly conserved throughout groups and serotypes, could 
be considered as antigens that may elicit neutralizing Abs 
expected to disarm Shigella in the course of its pathogenic 
process. Such antigens that may provide reasonable— if not 
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complete— cross-protection could also be used as carders for 
the major polysaccharide-based serotypes, and thus a creative 
combination able to generate a new paradigm of protection 
against the diverse Shigella serotypes. 

As a matter of fact, one of the dominant issues soon to 
appear will be the capacity to obtain aw strongest possible 
immunogenic! ty combined with the highest level of cross- 
protection, in the simplest possible vaccine preparation* 
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A Synthetic Carbohydrate-Protein Conjugate Vaccine 
Candidate against Shigella flexneri 2a Infection 1 
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The protective Ag of Shigella, the Gram-negative enteroinvasive bacterium causing bacillary dysentery, or shigellosis, is its 
O-specific polysaccharide (O-SP) domain of the LPS, the major bacterial surface component. As an alternative to the development 
of detoxified LPS-based conjugate vaccines, recent effort was put into the investigation of neoglycoproteins encompassing synthetic 
oligosaccharides mimicking the protective Ags of the O-SP. We previously reported that when coupled to tetanus toxoid via single 
point attachment, a synthetic pentadecasaccharide representing three biological repeating units of the O-SP of Shigella flexneri 2a 
(SF2a), one of the most common Shigella serotypes, elicits a better serum anti-LPS 2a Ab response in mice than shorter synthetic 
O-SP sequences. In this study, we show that the pentadecasaccharide-induced anti-LPS 2a Abs protect passively administered 
naive mice from Shigella infection. Therefore, this three repeating units sequence, which is recognized by anti-SF2a sera from 
infected patients, acts as a functional mimic of the native polysaccharide Ag. Analyses of parameters influencing immunogenicity 
revealed that an investigational SF2a vaccine displaying a pentadecasaccharide:tetanus toxoid molar loading of 14-1 triggers a 
high and sustained anti-LPS Ab response, without inducing anti-linker Ab, when administered four times at a dose corresponding 
to 1 M g of carbohydrate. In addition, the profile of the anti-LPS Ab response, dominated by IgGl production (Th2-type response) 
mimics that observed in human upon natural SF2a infection. This synthetic carbohydrate-based conjugate may be a candidate for 
a SF2a vaccine. The Journal of Immunology, 2009, 182: 2241-2247. 



Parenterally administered polysaccharide-protein conjugate 
vaccines have been shown to be more effective than the 
first generation of polysaccharide vaccines made of puri- 
fied polysaccharide Ags. Interestingly, all licensed second gener- 
ation polysaccharide vaccines target capsulated bacteria (I), and 
there is no commercialized LPS-based conjugate vaccine. The tox- 
icity of lipid A (i.e., endotoxin), a major component of LPS, which 
precludes its use in conjugate vaccines, largely accounts for the 
current situation. LPS-detoxification is a prerequirement to the de- 
velopment of LPS-based conjugate vaccines. Despite this diffi- 
culty, vaccine candidates derived from LPS lacking full-length 
lipid A-chains are under investigation (2-6). Alternatively, 
progress in glycochemistry has opened the way to third generation 
polysaccharide vaccines, namely, synthetic carbohydrate-protein 
conjugate vaccines (7-10). 

Shigella, a Gram-negative enteroinvasive bacterium causing 
shigellosis, is a major public-health concern worldwide (11-13). 
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Shigellosis is endemic in areas with a low level of hygiene, mainly 
targeting children under 5 years of age. There is as of yet no 
broadly licensed vaccine for this common serious disease (14). S. 
flexneri 2a (SF2a), 4 a member of Shigella Group B, remains the 
most common Shigella worldwide (12). In addition, in countries 
where the disease is endemic, several S. flexneri serotypes are iso- 
lated. However, their distribution varies based on geographical ar- 
eas (12). Serological classification is based on the nature of the 
repeating unit (RU) (15, 16) of the O-specific polysaccharide (O- 
SP) moiety of LPS, which acts as a major virulence factor for 
Shigella, providing the bacterium with resistance to host defense 
mechanisms (15). Protection induced by natural infection is con- 
sidered serotype-specific, pointing to the O-SP as the major target 
of protection. Early on, the protective role of anti-O-SP serum 
IgGs, through killing of Shigella inoculum on the epithelium sur- 
face of small intestine, was hypothesized (2, 17). It was subse- 
quently supported by clinical data (18) and reports on the immu- 
nogenicity of Shigella detoxified LPS-protein conjugates in adults 
(19) and in young children (20). In addition, it was recently sug- 
gested that such Abs might be curative (4). 

We initiated a program aimed at developing a third generation 
carbohydrate-based vaccine against SF2a infection. The strategy is 
based on the use of synthetic oligosaccharides (OSs), acting as 
efficient functional SF2a O-SP mimics, as the haptens for a con- 
jugate vaccine. Therefore, the crucial LPS detoxification step is 
avoided. Following the synthesis of a large panel of SF2a O-SP 
fragments (21-26) and extensive investigation of their recognition 
by protective murine monoclonal IgG (mlgG) Abs, we showed that 
selected synthetic OSs induced an anti-O-SP Ab response in mice, 



Abbreviations used in this paper: SF2a, Shigella flexneri 2a; i.n.. intranasal- mlgG 
monoclonal IgG; RU, repeating unit; OS, oligosaccharides; O-SP, O-specific poly- 
saccharide; TT, tetanus toxoid. 
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IGURE 1. Basic structure of the repeating unit of the O-SP moiety of 



when administered as tetanus toxoid (TT) conjugates. Increasing 
the length of the carbohydrate hapten from a penta- to a deca- and 
pentadecasaccharide representing one, two, and three biological 
RUs of SF2a O-SP (Fig. I ), respectively, improves the anti-LPS 2a 
lgG response (27). Here, we report on the protective capacity of 
those glycoconjugate-induced anti-LPS Abs against SF2a infection 
in mice, and show that the pentadecasaccharide [AB(E)CD], is a 
functional mimic of the natural polysaccharide Ag. We also assess 
the different parameters influencing immunogenicity in mice. Fi- 
nally, we present preclinical data demonstrating that [AB(E)CD] r 
TT is a candidate for a synthetic carbohydrate-protein conjugate 
vaccine against SF2a infection. 

Materials and Methods 

Bacterial strains 

S. flexneri 454, an invasive isolate of SF2a was the virulent strain of ref- 
erence. For intranasal (i.n.) infection, bacteria were routinely grown on 
Luna-Bertani agar plates at 37°C, recovered from the plates, and diluted 
with 0.9% NaCl to an OD of 1 at 600 nm (5 X 10" CFU/ml). For counting 
of bacteria upon i.n. infection, lungs were recovered en bloc after cervical 
dislocation of mice and ground in 10 ml of sterile PBS (Ultra turrax T25 
apparatus, IKA-Werke). Dilutions were then plated on trypticase soy broth 
plates for enumeration. 

Semi-synthetic glycoconjugates 

The general synthetic and analytical protocols used to obtain the TT- 
conjugates have been previously described (27). Briefly, TT (12 mg, 
batch no. FA 045644, gift from Sanofi-Pasteur) was converted to ma' 
leimide-activated TT. Synthetic SF2a 5-acetylthioacetylated-penta- 
(28), deca-, and pentadecasaccharides (29), followed respectively by 
NH 2 OH and HCI (7.5 >il of a 2 M solution in 1 M potassium phosphate 
buffer, pH 6) were added to the activated TT (0.5 M in 0. 1 M potassium 
PBS, pH 6) in molar ratios ranging from 1:5 to 1:15, and the mixtures 
were stirred for 2 h at room temperature. Following dialysis against 3 X 
2 L of 0.05 M PBS, pH 7.4 at 4°C (MW cut-off 10,000 Da), and gel 
permeation chromatography on a Sepharose CL-6B column (I m X 160 
mm) in 0.05 M PBS, pH 7.4, the conjugates were stored at 4°C in the 
presence of thimerosal (0.01%). SF2a OSAT molar ratio was assessed 
by SELDI-TOF MS (Supplementary material l). 5 

Biotinylated probes 

Biotinylated penta-, deca-, and pentadecasaccharides were synthesized as 
described (27). The biotinylated linker mimics (Supplementary material 2) 5 
were prepared accordingly. Thus, Biot-Mal-linker was synthesized in two 
steps, providing Biot-Mal-NHOH as side-product. Hydrolysis of EZ-link 
PEO-maleimide activated biotin (Pierce) provided Biot-Mal-OH. 

Immunogenicity studies 

Seven-week old BALB/c mice were injected i.m. with AB(E)CD-TT 
[AB(E)CD] 2 -TT, or [AB(E)CD],-TT, three times at 3 wk intervals, fol- 
lowed by a fourth injection 1 mo after the third one, with the equivalent of 
1, 2.5, or 10 /xg of carbohydrate hapten, as indicated, per mouse and per 
injection, in the absence of adjuvant. The anti-LPS and anti-OS induced Ab 
responses were assessed 1 wk after the third and fourth injections by 
ELISA as previously described (27). Accordingly, to define the anti-linker 
Ab titers, biotinylated linker mimics (0.5 u.g/well) were coated on plates 
previously incubated with avidin (1 jig/well, Sigma-Aldrich) for 1 h at 
37°C. Anti-mouse IgG alkaline phosphatase-labeled conjugate (Sigma- 
Aldrich) was used as secondary Ab at a dilution of 1/5,000. For analysis of 
IgG subclasses, anti-mouse IgGl, IgG2a, IgG2b, and IgG3 alkaline phos- 
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phatase-labeled conjugates (Sigma-Aldrich) were used at a dilution of 
1/5,000. For analysis of the cross-reactivity of mouse sera plates were 
incubated with LPS purified from different Shigella strains as indicated 
The Ab titer was defined as the last serum dilution given an OD of at least 
twice that of preimmune serum. 

Analysis of O-SP recognition by glycoconjugate-induced sera 
Purified LPS 2a (2 /xg/lane) was run in SDS-PAGE and silver-stained 
as previously described (30). Following Western blotting, nitrocellulose 
membranes were incubated with sera from mice immunized with 
(AB(E)CD],-TT or whole killed SF2a bacteria as control. Sera were 
tested using a similar anti-LPS 2a Ab titer. Anti-mouse Ig HRP-labeled 
conjugate (Amersham Biosciences) at a dilution of 1/5000 was used as 
secondary Ab. 

Protective capacity of glycoconjugate-induced sera 
To compare the protective capacity of anti-LPS 2a Abs induced upon im- 
munization with AB(E)CD-TT, [AB(E)CD] r TT, or [AB(E)CD],-TT 
mouse sera exhibiting a similar anti-LPS 2a Ab titer (1/12,800) were se- 
lected from each group of mice immunized with one of the conjugates The 
selected immune sera (15 u.1) were mixed with 10 6 CFU of virulent SF2a 
bacteria (5 /x\) just before i.n. administration of the total 20 /xl to naive 
mice. Measurement of lung-bacterial load (CFU/lungs) was done at 24 h 
postinfection. Two control groups were included: one receiving bacteria 
previously incubated with sera from mice immunized with B(E)CD-TT 
but negative for the anti-LPS 2a Ab response, and one receiving bacteria 
previously incubated with preimmune serum. Three independent experi- 
teTd mClud ' ng SeVCn m ' Ce per group were run for each ™mune serum 

Recognition of AB(E)CD, [AB(E)CD] 2 , and [AB(E)CD], by 
sera of naturally infected individuals 

ELISA was performed as described above using human sera from individ- 
uals naturally infected by SF2a against LPS 2a, biotinylated AB(E)CD 
[AB(E)CD] 2 , or [AB(E)CD], OSs as coating Ags. Anti-human IgG alka- 
line phosphatase-labeled conjugate (Sigma-Aldrich) was used as secondary 
Ab at a dilution of 1/2500. Eight paired sera obtained from Israeli soldiers 
before starting training cycles under field conditions and 1 to 2.5 mo after 
suffering from culture-proven SF2a shigellosis were tested. 

Statistical analysis 

Significant differences were established using the Student's t test. Values of 
p < 0.05 were considered to be significant. 

Results 

Recognition of AB(E)CD, [AB(E)CD] 2 , and [AB(E)CD], by 
sera of naturally infected individuals 

Characterization of SF2a-specific determinants was performed 
using protective murine mlgGs (27). To assess whether the pen- 
tasaccharide AB(E)CD, the decasaccharide [AB(E)CD] 2 , and 
the pentadecasaccharide [AB(E)CD] 3 mimicking SF2a-specific 
determinants were the targets of the Ab response induced upon 
natural infection, ELISA was performed using a panel of human 
sera recovered from SF2a-naturally infected individuals and 
the corresponding preinfection sera as control. All infected pa- 
tients elicited an anti-LPS 2a Ab response (Fig. 2). Except for 
patient P8, all the postinfection sera tested had an increased 
anti-OS Ab response as compared with preinfection ones. For 
patients PI, P2, and P3, the anti-[AB(E)CD] 3 Ab response was 
higher than those directed against AB(E)CD and [AB(E)CD] 2 , 
those were similar except for P3 exhibiting a slightly higher 
anti-[AB(E)CD] 2 Ab titer (Fig. 2). For patients P4 and P5, the 
anti-[AB(E)CD] 2 and anti-[AB(E)CD] 3 Ab responses were sim- 
ilar, and slightly higher than that measured for AB(E)CD. Fi- 
nally, for patients P6 and P7, no difference was observed be- 
tween the anti-OS Ab responses (Fig. 2). These data show that 
AB(E)CD. [AB(E)CD] 2 , and [AB(E)CD] 3 , are targets of the Ab 
response elicited upon SF2a-natural infection. 
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FIGURE 2. Synthetic haptens corresponding to 1, 2, and 3 SF2a O-SP 
RU are recognized by sera of SF2a-naturally infected patients. Sera from 
SF2a-naturally infected patients were tested in ELISA using biotinylated 
AB(E)CD, [AB(E)CD] 2 , IAB(E)CD]„ and purified SF2a LPS as coating 
Ags. IgG Ab titer against each Ag was measured. Eight paired sera (PI- 
PS), obtained from Israeli soldiers before starting training cycles under 
field conditions and 1 to 2.5 mo after suffering from culture proven SF2a 
shigellosis, were tested. 

Induction of a protective anti-SF2a Ab response by 
AB(E)CD-TT, [AB(E)CD] 2 -TT and [AB(E)CD],-TT 
Selected AB(E)CD-TT, [AB(E)CD] 2 -TT, or [AB(E)CD] 3 -TT con- 
jugates having an average carbohydrate to protein ratio of 14:1 
based on colorimetric assay (3 1 ), were used to immunize mice four 
times at doses corresponding to 10 p.g of carbohydrate. To assess 
the protective efficacy of the anti-LPS 2a Abs induced upon im- 
munization with those three conjugates, naive mice were passively 
i.n. administered with immune or preimmune sera previously in- 
cubated with virulent SF2a bacteria. Immune sera with the same 
anti-LPS 2a Ab titer, i.e., 1/12,800, were selected for each conju- 
gate. It is noteworthy that the average of the anti-LPS 2a Ab titer 
induced by the three conjugates was previously shown to be 1/728, 
1/5,200, and 1/26,000 for AB(E)CD-TT, [AB(E)CD] r TT, and 
[AB(E)CD] 3 -TT, respectively (27). For AB(E)CD-TT and 
[AB(E)CD] 2 -TT, only 7 and 20% of mice, respectively, raised an 
anti-LPS 2a Ab titer of 1/12,800. In contrast, in 93% of mice 
immunized with [AB(E)CD] 3 -TT, the anti-LPS 2a Ab titer was 
equal or superior to 1/12,800 (with 65%, superior to 1/12,800). 
Protection was evaluated by measuring the CFU/lungs at 24 h 
postinfection and a reduction factor was calculated as the ratio 
between CFU/lungs in naive mice passively administered with pre- 
immune sera to that of naive mice passively administered with 
immune sera. Serum from mice immunized with B(E)CD-TT was 
used as a control because this conjugate does not induce any anti- 
LPS 2a Ab response (27). A significant but low level of protection 
was observed for AB(E)CD-TT-induced Abs with only a 7-fold 
reduction in the bacterial load as compared with control group. The 
level of protection was significantly higher with [AB(E)CD] 2 -TT- 
induced Abs as compared with AB(E)CD-TT (p = 0.0023), but 
still only a 13-fold reduction in the bacterial load was measured. 
The best protection, i.e., a 45-fold reduction, was obtained with 
sera from mice immunized with [AB(E)CD] 3 -TT. The reduction 
factor was significantly higher than that measured with sera from 
mice immunized with AB(E)CD-TT (p = 1.8 X 10~ 6 ) and [AB- 
(E)CD] 2 -TT (p = 1.06 X 10" 5 ), respectively (Fig. 3). Protection 
conferred with sera from mice immunized with [AB(E)CD] 3 -TT 
was shown to be dose-dependant because a 100 time-dilution of 
[AB(E)CD] 3 -TT-induced sera led to a 10-fold decrease of the re- 
duction factor. These results demonstrate that, among the OSs 
tested, [AB(E)CD] 3 is the best functional mimic of the SF2a O-SP. 
Detailed analysis of parameters influencing the immunogenicity 
were then focused on [AB(E)CD] 3 -TT glycoconjugate. 

Recognition of SF2a O-SP chains by sera of mice immunized 
with [AB(E)CD] r TT 

LPS is associated to a ladder type profile derived from the heter- 
ogeneity in the number of RUs per O-SP chain when run in Tricine 




FIGURE 3. [AB(E)CD] 3 -TT induces the best protective anti-LPS 2a Ab 
response. Mouse sera exhibiting a similar anti-LPS 2a Ab titer (1/12,800) 
were selected from each group of mice immunized with one of the con- 
jugates. The selected immune sera were mixed with 10 6 CFU of virulent 
SF2a bacteria before i.n. administration to naive mice. Measurement of 
CFU/lungs was done 24 h postinfection. Two control groups were 
included: one receiving bacteria previously incubated with sera from mice 
immunized with B(E)CD-TT, but negative for the anti-LPS 2a Ab 
response, and one receiving bacteria previously incubated with preimmune 
serum. Three independent experiments including seven mice per group 
were run for each immune serum tested. *, p value < 0.05 (Student's / test) 
when comparing sera from mice immunized with AB(E)CD-, [AB- 
(E)CD] 2 -, and [AB(E)CD] 3 -TT conjugates to that of mice immunized with 
B(E)CD-TT. **, p value < 0.05 (Student's / test) when comparing the 
conjugates, as indicated. 



SDS-PAGE. For SF5a, for example, two major LPS populations 
coexist, with an average modal number of RUs of -15 (mode A) 
and 100 (mode B) (30). We investigated the length of LPS 2a 
chains recognized by [AB(E)CD] 3 -TT-induced Abs and whole- 
killed SF2a bacteria induced Abs. As observed in Fig. 4A, two 
major modal forms, A and B, were present for SF2a LPS. Upon 
immunoblotting, except for core recognition, modes A and B SF2a 
LPS were both recognized by sera from mice immunized with 
whole-killed SF2a bacteria (Fig. 4B, left panel) or [AB(E)CD] 3 -TT 
(Fig. 4B, right panel)- These results demonstrating the recognition 
of long O-SP chains by [AB(E)CD] 3 -TT induced-IgG Abs at 
least partially account for the functional mimicry of O-SP by 
[AB(E)CD] 3 . 

Anti-LPS 2a IgG subclasses induced by [AB(E)CD] 3 -TT 
Analysis of the anti-LPS 2a IgG subclasses induced upon im- 
munization of mice with [AB(E)CD] 3 -TT was performed by 
ELISA. For each mouse, the anti-LPS 2a IgGl response was 
significantly predominant over that elicited for IgG2a, 2b, and 




FIGURE 4. Analysis of O-SP recognition by [AB(E)CD] 3 -TT-induced 
sera. Purified LPS 2a was run in SDS-PAGE, silver-stained (A) or Western 
blotted (B) and incubated with sera from mice immunized with whole 
killed SF2a bacteria (B, left panel) or [AB(E)CD],-TT (B, right panel). 
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FIGURE 5. [AB(E)CD] r TT predominantly induces an anti-LPS 2a 
IgGl response. IgG subclasses were analyzed by ELISA using 
[AB(E)CD],-TT-induced sera and LPS 2a as coating Ag. Individual re- 
sponse toward IgGl, lgG2a, IgG2b, and lgG3 is shown for a group of 1 1 
immunized mice representative of ~40 mice that have been immunized 
with [AB(E)CD] r TT in different experiments. *,p value < 0.05 (Student's 
t test) when comparing the anti-LPS 2a IgGl Ab titer to that of the other 
IgG subclasses. 



3 (p values = 1.9 X 10~ 8 , 1.9 X l(T a , and 1.8 X 1(T 7 , respec- 
tively) (Fig. 5). No significant difference was observed between the 
anti-LPS 2a IgG2a, 2b, and 3 Ab responses, with low Ab titers 
induced except for two of 1 1 mice that exhibited a marked IgG3 
Ab response. These results show that IgGl is the IgG subclass 
mainly induced upon immunization of mice with [AB(E)CD] 3 -TT. 
It is worth to mention that 2 mo after the boost, the anti-LPS 2a 
IgG response was only slightly lowered (data not shown). 

Cross-reactivity of sera induced by [AB(E)CD],-TT toward 
other prevalent S. flexneri LPS 

To assess the serotype-specificity of the anti-LPS Abs induced 
by [AB(E)CD] 3 -TT, ELISA was performed using sera of [AB- 
(E)CD] 3 -TT-immunized mice and purified LPS from other S. flex- 
neri serotypes as coating Ags. No Ab response against LPS lb or 
LPS 3a, two other prevalent S. flexneri strains (12), was detected. 
The study was therefore extended to other S. flexneri serotypes. No 
cross-reactivity was detected using LPS purified from SF2b, 3b, 
5b, and X strains, whereas SF5a and Y LPS were slighdy recog- 
nized. Altogether, these results indicate that the Ab response elic- 
ited upon immunization of mice with [AB(E)CD] 3 -TT is highly 
specific for SF2a. 

Influence of the dose on the immunogenicity of [AB(E)CD] ,-TT 
Preliminary immunogenicity data with [AB(E)CD] 3 -TT were ob- 
tained using 10 j^g of [AB(E)CD] 3 per mouse and per dose (27). 
Following the same immunization protocol, immunogenicity of 
[AB(E)CD] 3 -TT was assessed using amounts of glycoconjugates 
corresponding to 1 and 2.5 /xg of [AB(E)CD] 3 per mouse and per 
dose. The anti-LPS 2a Ab titers, raised with these lower amounts 
of carbohydrate, were not significantly different from that induced 
with 10 fig of hapten, both after the third dose and the boost (Fig. 
6), demonstrating that for [AB(E)CD] 3 -TT, 1 pg of [AB(E)CD] 3 is 
an efficient immunizing dose in mice. 



a" 



..ill 



2.5 10 1 2.5 10 



< 3 r< j boost 

Hg[AB(E)CD] 3 

FIGURE 6. Influence of the immunizing dose on [AB(E)CD] 3 -TT im- 
munogenicity. Anti-LPS 2a Ab titer was measured by ELISA in sera from 
mice immunized with [AB(E)CD],-TT using an equivalent of 1, 2.5, or 10 
fig of carbohydrate hapten. 



jugates bearing an average hapten molar loading of two, eight, 
and 14 were synthesized and evaluated by immunizing mice 
with an equivalent of 10 /ig of OS per mouse and per dose. The 
[AB(E)CD] 3 -TT conjugate with a ratio of two induced no anti- 
OS Abs (data not shown), and consequently no anti-LPS 2a Abs 
(Fig. 7). For a molar ratio of eight, a similar anti-LPS 2a Ab 
response was observed after the third immunization and the 
boost (p = 0.002), in contrast to ratio 14 for which a significant 
increase was observed after the boost (p = 0.008), giving rise 
to the best response observed so far. These results demonstrate 
that an average [AB(E)CD] 3 /TT ratio of 14 provided the best 
immunogen of all those tested. 
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Analysis of the an 
[AB(E)CD],-TT 
Construction of the [AB(E)CD] 3 -TT conjugates relies on the ma- 
leimide-thiol ligation chemistry, selected for its high chemoselec- 
tivity and high-yielding coupling efficacy at controlled pH. The 
A'-(y-maleimidobutyryloxy) amide linker used herein was selected 
based on the finding that use of the more flexible alkyl-type ma- 
leimide spacers could generally overcome the immunogenicity of 
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Influence of carbohydrate hapten loading o 
of [AB(E)CD] r rT 
As stated above, [AB(E)CD] 3 -TT conjugates used for previous 
studies (27), and for those presented here, had an average ratio of 
14:1 OS chains/protein. To assess the influence of [AB(E)CD] 3 
loading on immunogenicity, new sets of [AB(E)CD] 3 -TT con- 
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TT immunogenicity. Anti-LPS 2a Ab titer was measured by ELISA in 
from mice immunized with [AB(E)CD] 3 -TT displaying an average carbo- 
hydrate/TT ratio of 2, 8, and 14. *, p value < 0.05 (Student's I test) when 
comparing for a given dose the Ab titer induced after the third immuniza- 
tion and the boost. **, p value < 0.05 (Student's t test) when comparing 
the three doses after the third immunization or the boost. 
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cyclic maleimide linkers in animal models (32, 33). However, lin- 
ear maleimide linkers may also be immunogenic (6, 34), checking 
whether it was the case with our [AB(E)CD] 3 -TT conjugate was 
therefore mandatory. To investigate the anti-linker Ab response, 
the corresponding Biot-Mal-linker derivative, bearing the whole 
13 atom-long spacer present in [AB(E)CD] 3 -TT conjugates, was 
synthesized. Side-products derived from hydroxylamine addition 
onto maleimide (Biot-Mal-NHOH) or maleimide hydrolysis (Biot- 
Mal-OH) were also isolated because any side-product could be 
identified as a potential source of neo-epitopes (33). Independently 
of the OS molar loading onto the protein, or of the amount of 
carbohydrate used per mouse per dose, no anti-linker IgG Ab was 
detected against any of the three newly synthesized biotinylated 
probes used as coating Ags (data not shown). These data indicate 
that upon immunization with [AB(E)CD] 3 -TT, there is no detect- 
able Ab response induced against the N-(-y-maleimidobutyryloxy) 
amide linker or side-products thereof. Interestingly, the influence 
of the linker on immunogenicity may highly depend on the nature 
and intrinsic immunogenicity of the carbohydrate hapten. Along 
this line, we showed that neither [AB(E)CD] 2 -TT nor [AB(E)CD]- 
TT gave rise to detectable anti-linker Abs. 

Discussion 

In the past decades, interest in synthetic microbial carbohydrate- 
based vaccines, thus termed third generation polysaccharide vac- 
cines, has emerged as one among the many exploding fields of 
carbohydrate medical applications. To our knowledge, only one 
such candidate vaccine has yet gone through clinical trials in the 
case of bacterial infections (8). The resulting licensing of Quimi 
Hib in Cuba in 2003 demonstrates the potential of the strategy in 
humans. However, despite an increasing number of encouraging 
reports, efficient third generation bacterial polysaccharide vaccines 
remain at an early stage of development (7, 9, 10). By demonstrat- 
ing the induction of a protective anti-LPS Ab response against 
SF2a, using a conjugate incorporating a rationally designed syn- 
thetic OS mimic of LPS 2a, the current study provides an addi- 
tional example of the potential of such an approach. 

There is yet no established rule to define the appropriate hap- 
ten length resulting in optimal functional mimicry of the native 
Ag that would prevent from performing immunogenicity/pro- 
tection studies. Thus, performing those studies, we showed that 
[AB(E)CD] 3 is the best mimic among the studied haptens. In- 
deed, [AB(E)CD] 3 -TT induced sera confer the best protection 
in mice, and we previously reported that [AB(E)CD] 3 -TT is the 
only conjugate among all those tested that induces an anti-LPS 
2a immune response in 100% mice (27). It is noteworthy that 
parameters such as antigenicity measured using mouse mlgGs 
specific for SF2a serotype and human sera, as well as structural 
data, would not have favored the selection of [AB(E)CD] 3 . In- 
deed, inhibition ELISA analysis showed either a similar recog- 
nition or a loss in recognition upon elongation of [AB(E)CD] 2 
by one RU, depending on the mlgGs (Supplementary material 
3). 5 Besides, AB(E)CD, [AB(E)CD] 2 , and [AB(E)CD] 3 were 
similarly recognized by human sera from patients naturally in- 
fected with SF2a, demonstrating that O-Ag epitopes recognized 
by human sera are, to some extent, present in haptens corre- 
sponding to a small number of RUs. In addition, available struc- 
tural data on [AB(E)CD] 2 and [AB(E)CD] 3 , in complex with 
one of the available protective mAbs, mlgG F22-4, demon- 
strated that the nine residue-epitopes that bind to mlgG F22-4 
Fab are already present in the decasaccharide (35). As an open- 
ing to challenge the topic, additional structural and physico- 
chemical investigations are in progress to unravel the molecular 
basis for accurate mimicking of SF2a O-SP by [AB(E)CD] 3 . 
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Regarding the protective capacity of [AB(E)CD] r TT induced 
sera, in contrast to reports showing that synthetic haptens corre- 
sponding to only one RU or less could provide Ab-mediated pro- 
tection in animal models (36-38), at least two RUs were needed 
for SF2a, with three RUs giving rise to the best protection ob- 
served so far. Those data fit several observations indicating that a 
minimum of two contiguous RUs are required to induce anti- 
polysaccharide Abs in the case of heteropolysaccharide Ags (39, 
40), although this is not always the case (38). Besides, the in- 
creased protective capacity of [AB(E)CD] 3 -TT over [AB(E)CD] 2 - 
TT parallels data reported for H. influenzae b (41), and the corre- 
sponding increased immunogenicity supports data described for S. 
dysenteriae 1 (40). Alternative options toward additional increase 
of the protective anti-LPS 2a Ab response will be investigated 
(42). Indeed, in direct support to our observations, protection 
against shigellosis is thought to be correlated to the level of 
anti-LPS Abs (17, 18), although the threshold of the anti-LPS 
Ab response required to ensure protection is yet unknown. To 
further detail the protective anti-LPS Ab response induced by 
[AB(E)CD] 3 -TT, we observed that three immunizations were 
required to promote an optimal anti-LPS IgG response. An ad- 
ditional boost only slightly increased the anti-LPS IgG titer by 
a factor of two to three. In full agreement with a T-dependent 
immune response, an anti-LPS IgM titer was detected after the 
first immunization only (data not shown). 

Numerous factors, including the polysaccharide itself, influence 
the pattern of IgG subclass response (18). Analysis of the anti-LPS 
IgG subclasses revealed that [AB(E)CD] 3 -TT induces in mice a 
Th2-type immune response mainly mediated by IgGl. Interest- 
ingly, this particular profile mimics the Th2-type response ob- 
served in humans following natural SF2a infection (18) or immu- 
nization with a detoxified SF2a LPS-protein conjugate (43). 
Although serotyping analysis has demonstrated that S. flexneri O- 
SPs share several epitopes (15), data on the field suggest that pro- 
tection induced by natural infection is serotype-specific. Immuni- 
zation in experimental models with vaccine candidates was only 
occasionally shown to induce cross-protection (44, 45). Herein, we 
show that [AB(E)CD] 3 -TT induced sera do not significantly cross- 
react with serotypes lb, 2a, 3a, 5a, 5b, X, and Y LPSs. Overall, 
these data suggest that [AB(E)CD] 3 -TT induces in mice an Ab 
response that is highly SF2a-oriented, as observed in naturally in- 
fected patients. 

Shortening the hapten length also impacts on the number of 
exposed carbohydrate epitopes, and consequently on the carrier 
and linker relative visibility by the host's immune system, possibly 
leading to divergence of the Ab response. For example, in the case 
of a hapten possessing a low inherent immunogenicity, induction 
of anti-linker Abs was reported to be detrimental to induction of 
anti-hapten Abs (33, 34). Along this line, it is noteworthy that no 
Ab response was induced against the maleimide linker used for 
conjugation of [AB(E)CD] 3 to TT. As additional support to this 
finding, the same observation remained true if shorter haptens, one 
and two RUs, respectively, were involved (data not shown). Inter- 
estingly, glycoconjugates prepared using maleimide linkers were 
occasionally administered in humans with no reported negative 
influence on hapten-immunogenicity (8, 46). Furthermore, the rou- 
tine administration of Quimi Hib to infants (8) suggests that a 
maleimide linker is indeed appropriate for use in humans. 

In the present stage of development of synthetic carbohydrate- 
protein conjugate vaccines, additional investigation is required to 
better understand the impact of interdependent parameters on im- 
munogenicity and protective efficacy. Having selected TT, a med- 
ically acceptable carrier for use in human, efforts were put on 
analyzing the amount per dose and molar loading. There is no 
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established correlation between hapten loading and protective ef- 
ficacy (37, 47, 48). Here, we clearly show that it is a critical pa- 
rameter. The [AB(E)CD],-TT conjugate with a hapten loading of 
two was the less potent one, failing to induce an anti-LPS or anti- 
[AB(E)CD], IgG response when administered three times at 10 /xg 
carbohydrate/dose. Interestingly, after the third immunization there 
was no significant difference between the immunogenicity of the [AB- 
(EK^DlvTT conjugates displaying a hapten molar loading of 8 and 
14, respectively, suggesting that this range of hapten molar loading 
induces appropriate B cell receptor cross-linking, without masking 
important Th epitopes. However, despite an increased immunogenic- 
ity observed after the boost for the [AB(E)CD]3-TT conjugate having 
a 14:1 OS chains/protein ratio, molar loading resulting in maximal 
immunogenicity remains yet unknown. Additional improvement may 
therefore be in reach, as illustrated in an elegant study on S. dysen- 
teriae type 1 where the hapten loading was increased to a point re- 
sulting in a decrease in immunogenicity (40). Identifying the highest 
reproducible hapten molar loading inducing the highest anti-LPS Ab 
response is important to the issue of carrier overloading (49). Indeed, 
using glycoconjugates of similar potency but increased hapten loading 
would result in lowering the amount of carrier for a given adminis- 
tered amount of carbohydrate. 

Regarding the influence of the dose, for the most recently 
licensed polysaccharide conjugate vaccines, for example Prev- 
nar, the amount of polysaccharide per dose varies from 2 to 4 
/xg in average, depending on the polysaccharide chemical struc- 
ture. Analogously, lowering the amount of immunogen admin- 
istered to animal models is the general tendency. Along this 
line, our data showing that when used at doses corresponding to 
2.5 or 1 /Ag of synthetic carbohydrate, [AB(E)CD],-TT induces 
high anti-LPS IgG titers in mice are consistent with most recent 
investigations on synthetic OS-based conjugate vaccines (37, 
40). To our knowledge, reports on immunization with 1 tig 
carbohydrate amounts or less are scarce but support our findings 
(37, 41). For example, a synthetic tetrasaccharide-CRM, 97 type 
3 pneumococcal conjugate was shown to induce anti- 
polysaccharide Ab titers which were high enough to confer pro- 
tective immunity against intraperitoneal challenge with a lethal 
dose of S. pneumoniae type 3 when used in mice at doses cor- 
responding to 0.25 fig of carbohydrate (37). It is noteworthy 
that data suggest that synthetic OS-based conjugate vaccines are 
equally or even more strongly immunogenic in comparison to 
their native polysaccharide conjugate counterpart (8, 40). 

The poor accessibility of well-defined complex oligosaccharides 
has for long impaired investigations on the potential of synthetic 
OS-based conjugate vaccines for medical applications. This is no 
longer the case, as demonstrated by the number of reports (10) and 
the recent breakthrough in the field of Haemophilus influenzae b 
glycoconjugate vaccines (8). Along this line, the pentadecasaccha- 
ride [AB(E)CD] 3 was initially synthesized in 44 chemical steps 
following a convergent approach based on three building blocks 
(29). The synthesis was thought compatible with scale-up. Never- 
theless, additional validation of the whole strategy was, in our 
opinion, a prerequirement. In the course of this study, we could 
fully reproduce and even improve the reported synthesis. The pen- 
tadecasaccharide is now obtained in 40 steps, which include sev- 
eral improvements (T. H. Kim and L. A. Mulard, unpublished 
results). 

In conclusion, considering the drawbacks of orally adminis- 
tered, live attenuated Shigella vaccine candidates (14), and the 
absence of published data on the efficacy of Shigella-detoxided 
LPS-conjugate vaccines in young children living in endemic areas, 
the current study emphasizes the potential of selected synthetic 
oligosaccharides as immunogenic mimics of the bacterial surface 



polysaccharide. The proof of concept in humans is needed urgently 
to definitely establish the development of such rationally designed 
synthetic carbohydrate-based conjugates as a promising alternative 
strategy for Shigella vaccines. 
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